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ABSTRACT

An experimental investigation of natural convection immersion

cooling of two configurations of discrete heat sources in an enclosure

filled with Fluorinert FC-75 has been conducted. A three by three array

of rectangular protrusions was employed.

In the first study, using the same equipment set-up of Benedict

[Ref. 131. the influence of changing the enclosure bottom surface

boundarv condition on flow patterns and heat transfer characteristics

was examined. Both insulated and uniform temperature boundary con-

ditions were considered.

In the second set of experiments, a new chambci- with tne pro-

trusions oriented vertically was assembled and effects of component

orientation on the heat transfer characteristics were examined. In

addition. timewise variations of temperature in several locations were

measured and interpreted at different power levels.
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TABLE OF SYMBOLS AND ABBREVIATIONS

Symbol Description Units

A Area m 2

cX Thermal diffusivity m 2 /sec

Volumetric expansion coefficient 1/K

Cp Specific heat J/kg-°C

emf Thermocouple voltage volt

g Acceleration of gravity m/sec 2

Gr Grashof number Dimensionless

h Heat transfer coefficient W/m 2 -cC

k Thermal conductivity W/m-C

L Characteristic length m

Li Component length in the vertical

direction m

L2 Summation of the ratios of the

component fluid exposed areas m

to their perimeters

Nu Nusselt number Dimensionless

Nu 1 Nusselt number with length

scale Li Dimensionless

Nu2 Nusselt number with length

scale L2 Dimensionless

v Kinematic viscosity m 2 /sec

0) Uncertainty in the variables Various
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Power Power dissipated by the heaters W

Pr Prandtl number Dimensionless

Qcor- Energ, added to the fluid W

gil Energy input to the heaters W

Qloss Energy loss by conduction W

Qnet Net power dissipated by the heater W

PRc Total thermal resistance °CiV

Rp Resistance of the precision resistor ohms

Raf Flux-based Rayleigh number Dimension less

Rat Ternperature-based Rayleigh number Dimensionless

D Density kg/mi 3

Tare Average of component temperature 0C

Tb Back surface temperature of board Cc

Tc Average heat exchanger temperature Cc

Tf Average film temperature 0C

Ts Back surface temperature of the
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Tsink Average temperature of the heat

exchangers c

Vh Voltage Across the ;caters Volts

in Input voltage Volts

w01 Chamber width m

W Unit of power W
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I. INTRODUCTION

A. STATEMENT OF THE PROBLEM

With the increase in circuit packaging density associated with the

miniaturization of microelectronic components. heat dissipation has

become a major problem in the design and construction of digital

computers and high-power electronic equipment in general. Several

alternatives to the solution of the problem have been studied in the

past 10 years, including that of Chu [Ref. 1]. Among these, immersion

cooling appears to be one of the most effective for achieving high heat-

transfer coefficients.

B. IMMERSION COOLING: ANALYTICAL AND EXPERIMENTAL

STUDIES

From the construction of the first electronic digital computer, the

solution to the problem of heat dissipation from high packaging den-

sitv electronic equipment has not beer easy. Even though very inter-

esting forced convection methods have been studied and very

frequently used (Chu [Ref. 11 describes several methods of air- and

water-forced convection cooling), the hardware that has to be added

to supply the additional power and to store and circulate the cooling

liquid can be cumbersome in any application.

The direct immersion of the electronic circuitry into dielectric

liquids improves its cooling capability significantly. Baker [Ref. 21

found liquid cooling by free convection to be more than three times as



effective as free convective air cooling of the same device. lie made

heat transfer measurements from thin-film tantalum nitride resistors

evaporated on Corning 7059 glass substrates. The substrates were 1.0

by 2.6 by 0.12 cm. All resistors were rectangular, with their height

(dimension parallel to the flow) one-half their base. The surface areas

of the resistors were 0.0106. 0.104, 0.477. and 2.00 cm 2 . Two liquids

were used in the study: freon with a Prandtl number of 3.9, and Dow

Corning #200 silicone dielectric liquid with a Prandtl number of 126.

The results showed that the heat transfer coefficient is approximately

proportional to the cube root of the reciprocal of viscosity. It was also

found that the convection coefficient does increase significantly as the

source size decreases. The free convection heat transfer coefficient for

the smallest source was more than an order of magnitude greater than

for the largest source operated under the same conditions.

In a following study, Baker [Ref. 31 also examined different cooling

techniques. such as nucleate boiling, forced convection, and bubble-

induced mixing for cooling small heat sources.

Park and Bergles [Ref. 41 conducted experimental studies of natu-

ral convection from discrete flush-mounted rectangular heat sources

on a circuit board substrate. Micro-electronic circuit elements were

simulated with thin foil heate-rs supplied with DC power. Measure-

ments were also made for protruding heaters of varing widths, in

water and R-113. Thev found and documented the increase in heat

transfer coefficient with decreasing width. This effect was greater in

R-113 than in water. Also, for protruding heaters. the heat transfer

2



coeficients for the upper heaters in an array were found to be higher

than those for the lower heaters. This behavior was not observed for

flush-mounted heaters. As the distance between heaters increased, so

did the heat transfer coefficients.

Chen. et al. [Ref. 51 made an experimental study of natural

convection heat transfer in a liquid-filled rectangular enclosure with

10 protruding heaters from one vertical wall. The top surface of the

enclosure maintained at a uniform temperature acted as the heat sink.

All other surfaces, except the heater locations, were unheated. The

enclosure was 16.7 cm in height, 2.3 cm in w-idth, and 19.6 cm in

depth (horizontal z-direction of the heaters). The 10 heaters were 0.8

cm high. 1.11 cm wide. and 19.6 cm deep. The vertical spacing

betweer- heaters was equal to the heater height. Distilled water and

ethylene glycol were used as working fluids, Experimental results

show that the bottom heater (heater 1), except for high Rayleigh

number runs, has the highest heat transfer coefficient. The heat

transfer coefficients at heaters 7. 8, and 9 are nearly the same and

present the lowest values among the heaters. It was also shown that

heat transfer coefficient decreases up to heater 7. At high Rayleigh

numbers, the top heater (10) has the highest heat transfer coeffi-

cients. The flow visualization carried out indicates a core flow within

the enclosure and a recirculating cell in the gap between heaters.

Approximate measurements of the fluid velocity were provided from

the particle traces in the flow visualization.

3



Kevhani et ',l. [Ref. 61 experimentally studied the buoyancy-driven

flow and heat transfer in a vertical cavity with discrete flush heat

sources on one vertical wall while the other vertical wall was cooled at

a constant temperature. This enclosure contained 11 alternatively

unneated and flush-mounted rows of isoflux heated strips. The liquid

was ethylene-glycol with a Prandtl number of 150.

To examine the flow structure, visualization experiments were

conducted for several power inputs. Finely ground aluminum powder

(5 to 20 microns in size) was used to visualize the flow. The observed

flow for a power input of 10 watts was highly structured except for

small regions near the end walls. A primary flow circulating from the

hot wall to the cold wall, a secondary flow with the same sense of cir-

culation as the primary flow. and a tertiary flow in the opposite direc-

tion of the secondary flow were observed in the photographs taken at

this power level. At a higher power level of 40 watts, the flow pattern

above the mid-height region of the cavity showed transition from

laminar to turbulent flow along the surface with heaters. The down-

ward flow along the cold wall was still laminar. For a fixed power

input, the heat transfer coefficient generally decreased with increase

in height (or heater number). The rate at which Nusselt number

decreased wvith the increase in heater number was found to be a

strong function of the heater location.

Kelleher. et al. [Ref. 71 and Lee, et al. [Ref. 81 studied experimen-

tally and numerically the cooling by natural convection of a water-filled

rectangular enclosure with a long heater protruding from one vertical

4



wall and conducted flow visualization and heat transfer measurements

with the heater at three different elevations. They found the two-

dimensional flow to be dual-celled. consisting of a buoyancy-driven

upper cell, in which the major part of the fluid motion takes place and

which accounts for the majority of the convective heat transfer, and a

shear-driven lower cell in which the fluid motion arises due to the

viscous drag from the upper cell.

Liu. et al. [Ref. 9] used a three-dimensional finite difference

method to studv the natural convection cooling of an array of chips

mounted on a vertical wall of a three-dimensional rectangular enclo-

sure filled with a dielectric fluid Fluorinert FC 75. They found the long

time solution to be oscillatory. Maximum chip temperatures were

found on the top surfaces of the three top chips. However, these

maximum temperatures did not all occur at the same time. but alter-

nated among these three chips as time proceeded in a rather regular

fashion. It was also observed that the bottom sink was quite ineffective

in removing heat from the enclosure and that the convective circula-

tion was essentially limited to the chip areas.

Joshi, et al. [Ref. 101 carried out an experimental investigation to

study the natural convection cooling of a 3 by 3 array of heated protru-

sions in a rectangular enclosure filled with dielectric fluid FC-75. They,

observed that at low power levels (0.1 watts), the flow structure was

largely determined by the thermal conditions at the enclosure sur-

faces. With increasing power levels (0.7 to 3.0 watts), an upward flow

developed adjacent to each column of components. The flow away

5



from the elements became strongly three-dimensional and time-

dependent with increasing thermal inputs. Component surface tem-

peratures were used to obtain a heat transfer correlation over the

range of power levels examined.

Liu, et al. [Ref. 111 carried out a three-dimensional numerical

study of immersion cooling of a chip array by laminar natural convec-

tion in a rectangular enclosure filled with a dielectric liquid. They

determined the local temperature responses on the chip surfaces,

their dynamic behaviors, and their dependence on the enclosure gap

size. It was found that the temperature responses are decidedly oscil-

latorv with wave forms ranging from simple to complex, and that

maximum chip surface temperatures occur on the top row of chips for

large gap sizes but oscillate among all three rows of chips for small gap

sizes.

C. OBJECTIVES

The work reported here is a continuation of thesis research con-

ducted at the Naval Postgraduate School by Pamuk [Ref. 12] and Bene-

dict [Ref. 131. The numerical studies by Liu, et al. [Ref. 9] and Liu, et al.

[Ref. 111 were the motivation for some of the specific investigations

carried out.

The objectives of the present investigation are twofold: The first is

to examine the effect of bottom surface boundary condition on thermal

transport in the natural convection cooling of a 3 by 3 array of

horizontally arranged protruding elements on a vertical wall. The sec-

ond objective is to examine heat transfer, fluid flow characteristics.

6



and the influence of the wlrvh of the cnamber during the natural con-

vection cooling of a 3 by 3 array of vertically arranged protruding ele-

ments on a vertical wall. Temperature fluctuation measurements were

plotted and compared with existing numerical analysis of Liu. et al.

[Refs. 9 and 11] and Benedict [Ref. 13]. For both studies, flow visual-

izations were also carried out.

7



II. EXPERIMENTAL SET-UP

A. GENERAL CONSIDERATIONS

Two different experimental configurations were used for thc-

studies reported here. In the first, a 3 by 3 array of rectangular ele-

ments with the largest dimension aligned horizontally was examined.

In the second study, the largest dimensions were in the vertical

direction. The two experimental configurations are next described.

The details of the experimeiLal procedures are available in Bene-

dict [Ref. 13]. The Data Acquisition Programs were the same as used by

Pamuk [Ref. 121 and Benedict [Ref. 13] with minor modifications in

output format and number of channels. These programs are collected

in Appendix D.

1. Experimental Set-Up for the Horizontal Arrangement

A schematic sketch of the arrangement is provided in Figure

2.1 (after Benedict [Ref. 131). The configuration is the same as the one

used by Joshi, et al. [Ref. 9] and Benedict [Ref. 13]. The distribution of

the components and the top view of the chamber are illustrated in

Figures 2.2 and 2.3 (both after Benedict [Ref. 13]).

This part of the thesis examines the effect of changing the

enclosure bottom surface boundary condition on the overall thermal

behavior of the system. A more detailed description of the experimen-

tal arrangement can be found in Benedict [Ref. 13].

8
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2. Experimental Set-Up for the Vertical Arrangement

The chamber assembly, illustrated in Figure 2.4 was made of

19.05 mm plexiglass with dimensions of 241.13 mm length. 152.0 mm

height, and 120.65 mm width. As in the first arrangement. the cham-

ber was filled with FC-75. a dielectric fluid through tubing at the

bottom of the chamber.

In both experimental configurations, two heat exchangers,

one at the top and one at the bottom, were used (see Figure 2.1). The

design of the exchangers for the first configuration is described in

Joshi, et al. [Ref. 10]. In the second study, several modifications were

made to reduce the heat transfer from the outside environment to the

colder circulating water. The resulting design is seen in Figure 2.5.

The external walls of both top and bottom heat exchangers were made

of plexiglass. The walls acting as the top and bottom of the fluid-filled

enclosure were aluminum plates 3 mm thick, chosen to provide an

almost isothermal surface condition. Inlet and outlet headers were

provided for flow distribution. Three thermocouples. symmetrically

placed along the plate length. were used for the calculation of the

average surface temperatures. The heat exchangers could be accessed

easily to block one or more of the channels to reduce the coolant flow

rates.

A 3 bv 3 array of discrete protrusions, vertically arranged (see

Figure 2.6). was mounted on a 19.05 mm thick plexiglass card. The

card was slid into the chamber and was kept in location by plexiglass

supports that prevented its linear movement as well as rotation.

12
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PLEXIGLASS 6.35mm 1.58mm
CASING 3.17mm

0 25 .4 mm

6.3 5 mm

mm
-19.05 -4 . 44.45rm

___________-120.65 mm

ALUMINUM PLATE-

TOP HEAT

EXCHANGER

BOTTOM NEAT IiIU
EXCHANGER K

31.754mm

i.- 82.55 mm

Figure 2.5 Heat Exchangers

(a) Cross-Sectional View; (b) isometric View;

(c) Inlet and Outlet Headers
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The clhamber design allowed the replacement of the card in a

simple way. The upper heat exchanger could be removed and the new

card could be easily installed. This permits the installation of different

card configurations (staggered. flush mounted, etc.) in the future

without much additional effort. By moving the card back or forth, the

chamber width could be changed. This was done in order to study the

effect of this parameter in the overall heat transfer.

The heated components in both studies were aluminum

blocks of 8 mm by 24 mm and 6 mm high (see Figure 2.7--after

Benedict lRef. 131). The dimensions and geometry simulate approxi-

mately a 20-pin dual-in-line-package. A nearly uniform heat "ux con-

dition was maintained at the base of each block bv attaching a foil-type

heater with a resistance of about 11 ohms. The foil heaters contained a

network of Iconel foil mounted on a Kapton backing and were

23.6 mm bv 7.6 mm in dimension and were bonded to the base of each

aluminum block using a high thermal conductivity epoxy (Omega Bond

101).

Temperatures at the center of each fluid exposed component

face were determined using .127 mm diameter copper-constantan

thermocouples. Thermocouple locations on each heater are illustrated

in Figure 2.7.

All the thermocou-ples were connected to an HP-3497 auto-

matic data acquisition system controlled by an HP-9826 microcom-

puter. Power to the heaters was supplied by a 0-40 volt. 0-1A DC

16
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power supply. A simultaneous measurement of the overall voltage drop.

along with the voltage drop across each heater, allowed the computa-

tion of the power dissipation throuq- individual heaters.

Flow visualization was carried out with a 4 mw Helium-Neon

laser for illumination. To produce a plane of light, a cylindrical lens

was used (see Figure 2.8- after Benedict [Ref. 13]). The laser sheet

illuminated magnesium particles (specific gravity of 1.74) that were

added to the FC-75 (specific gravity of 1.76 at 25' C). This technique

allowed for the visualization of a single two-dimensional plane of the

flow field. Time exposure photographs of the flow were obtained using

a Nikon F-3 camera with a 50 mm lens, a MD-4 motor drive, and a

MT-2 intervalometer.
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III. RESULTS AND DISCUSSIONS

FOR HORIZONTAL ARRANGEMENT

A. FLOW PATTERNS

Flow visualization was carried out in six vertical planes, seen in

Figure 3.1 (after Benedict [Ref. 13], for the two different bottom

boundarr conditions: 20' C and insulated. The three-dimensional

transport responses, across the range of power dissipation of 0.1 W to

3.0 W, were inferred from these visualizations. In the following, a

detailed description of the observed flows is provided.

1. Flow Patterns for the Bottom Boundary at 20' C

The flow patterns observed at several power dissipation levels

from no dissipation to 3.0 W are collected in Figures 3.2 to 3.7. Visu-

alization with no power (see Figures 3.2 and 3.3) was to examine the

natural convection flow due only to the difference in temperature

between the two heat exchangers, and its possible influence on the

flow patterns, with the heaters turned on.

At no power, the flow consisted of a single clockwise cell that

occupied the entire chamber. This overall flow was established as a

resuilt of the temperature differences between the enclosure walls.

The three-dimensionality of the flow was evident from visualizations in

the various planes.

At 0. 1 W. the pattern observed at no power in Figures 3.2 and

3.3 was completely distorted and no remains of the strong clockwise
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Figure 3.2 Visualization With No Power
in Planes 1 (a), 2 (b), and 3 (c)
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Figure 3.4 Visualization with 1.1 W
in Planes 1 (a), 2 (b), and 3 (c)
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Figure 3.6 Visualization with 3.0 W
in Planes 1 (a), 2 (b), and 3 (c)
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flow were seen. Joshi. et al. [Ref. 101 at the same power level reported

two very well defined large clockwise cells, one on each side of the

central component column. The present visualization showed that the

flow now was completely dominated by the relatively high temperature

of the bottom heat exchanger. The effects of the buoyancy forces due

to the power dissipation were small except in plane 1 (close to the

heaters), where there was a well defined upflow.

In plane 2, the particle traces showed a decrease in velocity.

Also, dark regions, as observed in Joshi. et al. [Ref. 101, were seen.

These were. however, thinner and not well defined. These nearly qui-

escent regions appear due to the stable stratification produced by the

bottom heat exchanger. Descending fluid from the top is unable to

penetrate the colder layer of fluid at the bottom. In plane 3, a dow-n-

flow resulted due to an increase in the density of the colder fluid, in

contact with the upper heat exchanger, at 100 C.

At 1.1 W (see Figure 3.4), a well defined pattern could be

observed in planes 1 and 2. Along the central column of heaters, the

upflow was wider and stronger than near the adjacent columns. This

flow was the result of the interaction of an upflow along the central

column, a clockxise flow around the right column (heaters 1, 2. and

3). and a counterclockwise flow around the left column (heaters 7. 8.

and 9). In plane 3, a downflow of cold liquid was seen. In Figure 3.5.

flow patterns at 1.1 W in planes 4, 5, and 6 are illustrated. It is possi-

ble in these pictures to appreciate in a side view the strong upflow

adjacent to the components. The basic difference with the flow
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pattern found in the study by Joshi, et al. [Ref. 101 at the same power

level is still that the inactive zone in the bottom of the chamber is not

well defined.

With further increase in the power level, the flow in plane 1

exhibited stronger upflow near the components. The buoyancy forces

generated by the power dissipation here were strong enough to

extend their influence to planes 2 and 3. At 3.0 W, a very thin, dark

laver was still observed at the bottom of the chamber (see Figure 3.6).

A view of the flow patterns in planes 4. 5. and 6 is illustrated in Figure

3.7. This figure shows a buoyant fluid layer adjacent to the compo-

nents. In the remaining chamber. the motion was completely random.

2. Flow Pattern With the Bottom Boundary Insulated

The flow pattern for this condition showed similar trends as

discussed in section A. 1. The induced flow due to the difference in

temperature between the two heat exchangers was not appreciable.

B. HEAT TRANSFER MEASUREMENTS

Heat transfer measurements were made at power levels of 0. 1.

0.7, 1.1, 1.5, and 3.0 watts for the two bottom surface boundary condi-

tions. The temperature at the top heat exchanger was maintained

constant at 10' C in all experiments. Temperature and flux-based

Rayleigh numbers (Rat and Raf) were calculated in a manner identical

to that discussed in Joshi, et al. [Ref. 101 and plotted versus Nusselt

number (Nul). These are defined in the Table of Symbols and

Abbreviations.
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1. Heat Transfer Measurements With the Bottom Boundary

at 20 C

Component surface temperature measurements at various

power levels are collected in Tables 1 through 8 in Appendix C. The

nondimensional heat transfer parameters in the form of Nusselt versus

Rayleigh numbers are illustrated in Figures 3.8 and 3.9. In the same

plots, the correlations found by Joshi, et al. [Ref. 101 were also plotted.

We can see that having the bottom heat exchanger at 20' C

results in general in lower Nusselt numbers than those found by Joshi.

et al. [Ref. 101 in the range of Rayleigh numbers considered. At higher

power levels, when the temperature of the heaters was considerably

higher than the bulk temperature of the dielectric fluid, the difference

in Nusselt numbers is smaller than at lower power levels. The Nusselt

number at a flux-based Rayleigh number of 106 found by Joshi. et al.

[Ref. 101 was 20.4. while the Nusselt number obtained here for the

same Rayleigh number was 19. At lower power levels 0. 1 W and 0.7 W.

the differences in Nusselt number were greater. and the decrease in

the heat transfer coefficient was significant. The Nusselt number found

bv Joshi. et al. [Ref. 101 was 10.5 at a flux-based Rayleigh number of

106, while the Nusselt obtained with the present configuration was

2.9.

At power levels of 0.1 W and 0.7 W. a small increase in the

upper heaters' temperatures over the lower ones was observed. At

higher power levels, the highest temperatures were found irregularly

in different components.
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The component that presented the largest variations from

the mean in the heat transfer coefficients was the upper component in

the central column (heater 6). This is evidenced as deviations from

tne general trend of the obtained data. The variations (lower heat

transfer coefficient at low power levels, and higher heat transfer coef-

ficients at higher power levels) are expected because this component

receives the influence of the combined upfloxving streams (produced

by the other heaters), as was observed and documented in the flow

visualization results in Section A. 1. The effect is greater at higher

power levels when the component's temperature is substantially larger

than the bottom heat exchanger temperature.

2. Heat Transfer Measurements With the Bottom Boundary
Insulated

The results of the temperature measurements with the bot-

tom boundary insulated and the reduced dimensionless parameters

are collected in Tables 9 through 16 in AppendLx C. In Figures 3.10

and 3.11, flux and temperature Rayleigh numbers versus Nusselt num-

bers were plotted. Correlations found by Joshi, et al. [Ref. 101 were

also plotted for comparison. It was seen that having the bottom heat

exchanger insulated improved the cooling at low power levels (0.1 XW

and 0./ W) over that obtained with the bottom boundary maintained at

200 C. This result is expected because now the temperature of the

bottom boundary was 15' C at 0.1 W and 170 C at 0.7 W. At a power

level of 3.0 W. no cooling improvement was observed. The tempera-

ture for the bottom boundary at 3.0 W was 220 C.
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Comparisons with the correlation obtained by Joshi, et al.

[Ref. 101 show a decrease in the heat transfer coefficient when the

lower boundary was insulated. This was evidenced by the lower Nusselt

numbers at all power levels.
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IV. RESULTS AND DISCUSSIONS FOR VERTICAL ARRANGEMENT

A. FLOW VISUALIZATION

The visualization for this experiment was tried for a chamber

width of 9 mm. As was expected, there was almost no flow in the nar-

row gap between components and the front wall. A boundary layer-like

behavior was observed on the vertical side faces of the components.

The photography process was complicated because the thickness of

the plane to be illuminated by the laser sheet for this chamber width

vas only 3 mm.

B. HEAT TRANSFER MEASUREMENTS

Component surface temperature measurements were made for

chamber widths of 30 mm and 9 mm (see Figure 4.1). The power level

range was 0. 1 W to 3.0 W. Temperatures of the top and bottom bound-

aries were maintained constant at 10 ° C. Plots of Nul versus Raf are

provided for comparisons with data obtained by Benedict [Ref. 13].

1. Heat Transfer Measurement for w = 30 mm

Tables 17 through 28 in Appendix C compile component

surface temperature and resulting nondimensional heat transfer data

for this gap size with increasing power levels. The mean values of the

component averaged temperatures over the nine heated components

were 13' C for 0.1 W and 470 C for 3.0 W. In the range 0.1 W to 1.1 W.

the lowest Ta,.g levels were on the bottom-row components
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Figure 4.1 Side View Showing the Chamber Widths
Used in the Experiment
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(components 1. 4. and 7). The observed tendency was that tempera-

tures on specific locations on the components in the top row were

higher than those in the same location on the components in lower

rows. As was pointed out bv Liu. et al. [Ref. 11], the possible reason for

this might be that components in the top row are in contact xith

warmer liquid, and the upper-row components are located in the

heated wake regions of the lower rows. Additionally, the stratified fluid

away from the components, which feeds fluid toward the component

rows, is also at higher temperature for the upper rows.

Analyzing individual components in the middle and lower

rows. for all power levels, the minimum measured temperatures were

on the bottom surfaces. This trend is also supported by Liu. et al.

[Ref. 9]. On the top row components, the lowest temperatures were on

either one of the vertical side faces. Maximum temperatures were

found generally on the component surface facing the front chamber

wall. Liu. et al. [Ref. 111 obtained numerically maximum temperatures

in the surfaces facing upward and attributed this to the fact that the

heated flow coming off the vertical surfaces reduced the heat transfer

coefficient at the component top surface. At higher power levels.

oscillations in temperature changed the locations of the maximum and

minimum instantaneous values, but the general tendencies found ear-

lier were still noticed.

In Figure 4.2, a plot of Nul versus Raf is seen. Data obtained

from Benedict [Ref. 13] is also plotted. A linear least squares fit to the

present measurements in Figure 4.2 was performed. This is given by:
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Nul = 0.28 Ra 23 in the range 3 * 108 < Raf < 1010

and 15 < Pr < 30.2 (4.1)

and the one obtained with the data from Benedict [Ref. 13] was:

0.22
Nul = 0.28 Raf in the range 107 < Raf < 2 * 108

and 15 < Pr < 30.2 (4.2)

Comparisons between Equations 4.1 and 4.2 indicate that Nu

appears not to depend on the orientation of the components in the

range of Raf and Pr considered. This is illustrated in Figure 4.2

2. Heat Transfer Measurement for w = 9 mm

In Tables 29 through 40 in Appendix C, component tempera-

tures and resulting nondimensional heat transfer data are compiled.

Decreasing the chamber width from 30 mm to 9 mm produced some

increase in the average temperature of the components Tavg. This

behavior was expected considering that now the surface of both top

and bottom heat exchangers has been reduced to 30 percent of its

former value. The mean value of the component averaged tempera-

tures over the nine heaters for a power of 0.1 W was 14.5' C, 1.5' C

higher than the average temperature obtained with 30 mm width. For

a dissipation level of 3.0 W, the mean value of the components' aver-

aged temperature over the nine heaters was 51' C, 4.0' C higher than

the average observed for the 30 mm width. The Tavg value increased

from the bottom to the top row, as was also found for w = 30 mm.
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Analyzing individual components on the bottom row (components 1, 4.

and 7). minimum temperatures were found on the bottom surfaces.

Plots of Nul versus Raf are illustrated in Figure 4.3. The cor-

relation obtained for this chamber width was:

0.28
Nul = 0.073 Ra 2 in the range 3 * 108 < Raf < 1010

and 15 < Pr < 30.2 (4.3)

This correlation indicates the expected decrease in Nul for

the same Raf, when compared with Equation 4.1 for w = 30 mm.

C. TEMPERATURE FLUCTUATIONS IN STEADY STATE

Osci!lations in component surface temperatures following

achievement of nominally steady conditions were measured in the dis-

sipation range of 0.1 W to 3.0 W. Three thermocouples were scanned

at a rate of approximately three times per second for a period of 200

seconds. Plots of surface temperature variations were made in order to

display the long-time temperature fluctuations and compare with

results of Liu. et al. [Ref. 11] and Benedict [Ref. 13]. Figure 4.4 is a ver-

tical arrangement diagram which portrays the location of the scanned

thermocouples.

1. Surface Temperature Fluctuations for a w = 30 mm

Temperature oscillations for this chamber width are illus-

trated in Figures 4.5 through 4.7. It was observed that at all power
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Figure 4.5 Temperature Fluctuations for
Thermocouple No. 0 at Different Power Levels
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levels considered, there were no temperature fluctuations on the

components in the lower row. Benedict [Ref. 131 documented with

heat transfer measurement and flow visualizations that the stagnant

fluid laver above the bottom heat exchanger prevented the penetration

of warmer fluid, resulting in conduction-dominated transport for the

bottom row of components.

At 0. 1 W, a spread in temperature of less than 0.5' C was

observed between the six thermocouples that were scanned. Increas-

ing the power level to 0.7 W, oscillation amplitudes with a mean of

0.70 C were observed in component 6. At 1.1 W. the amplitude

increased to 0.8- C. Benedict [Ref. 131 found that a component at the

same relative location and power level in a horizontal arrangement had

almost no oscillations. At 2.5 W, oscillations of about 1.6' C were found.

At 3.0 W. oscillations rose to almost 1.7' C at the same location. Bene-

dict [Ref. 13] found at 3.1 W for the equivalent thermocouple an

amplitude of 0.85' C.

2. Surface Temperature Fluctuations for w = 9 mm

Plots of temperature oscillations are illustrated in Figures 4.8

through 4.10. At 0.1 W, no fluctuations were found in any of the ther-

mocouples scanned. At 0.4 W. fluctuations of 0.3- C were observed in

the top row components. No fluctuations were observed in the middle

and bottom row components.

Increasing the power dissipation level to 0.7 W. no fluctua-

tions were observed in either the middle or the bottom rows. but
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fluctuations of 0.7" C were observed in the top row. At 1.1 W. fluctua-

tions in the top-row components were about 0.90 C. No fluctuations

were observed at the middle and bottom rows. At 1.5 XV, fluctuations of

0.22 C appeared in the components in the middle row and reached

values of 1.11 C in the top-row components. At 3.0 W, the highest

power level utilized in the experiments, fluctuation amplitudes on the

top-row components were recorded at 2.0' C. It is interesting to note

that no significant increase in the amplitude of the fluctuations was

observed when the chamber width was changed from 30 mm to 9 mm.

Liu, et al. [Ref. 111 calculated temperature oscillations peak to valley of

8' C for the 9 mm chamber width. They attributed the increase in the

oscillation amplitude to the fact that now the flow is highly confined.
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V. RECOMMENDATIONS

The design of the present chamber can be improved in many ways

to give more versatility in the following experiments. The rec-

ommended changes that can be made to software and hardware

include:

e Placement of the blocks can be done by screwing or attaching
them to the board in a different way to the one used -ntil now.
which is bonding the chips to the board with glue. This would
allow the experimenter to change a defective heater or change
the orientation of the chips for a different set of experiments.
using the same board and the same equipment set-up.

• To avoid the flow of dielectric liquid to the back of the chamber
through the gaps between the board and the chamber walls that
can alter the heat transfer results or the flow visualization, a small
diameter 0-ring can be used. A groove should be engraved in the
board to allow the 0-ring installation.

* Temperature measurements within the fluid and on the board
surfaces should also be performed.

* a Fast Fourier Transform algorithm should be developed to per-
form frequency analysis on the surface temperature fluctuations
data. In addition, improvements in the plotting programs can be
made.

e With the present set-up, different combinations of heaters could
be powered. row-wise or column-wise or staggered, instead of the
entire array. This variation might help better to explain the heat
transfer and flow characteristics of the chamber.
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APPENDIX A

SAMPLE CALCULATIONS

A. CONVERSION OF THERMOCOUPLE VOLTAGES TO

TEMPERATURES

(Channels 0 to 60 and 71 to 76, in the data acquisition system)

T=D1 + D2 * Emf+ D3 * Emf2 + D4 * Emf + D5 * Emf4

+ D6 * Emf5 + D7 * Emf6 + D8 * Emf7

where D1 to D9 are the calibration coefficients of the Omega thermo-

couples and are: 0.10086091, 25727.9, -767345.8, 7802-5596.

-9247486589. 6.98E11, -2.66E13. and 3.94E14.

Calculating the temperature found in the thermocouple connected

to channel 0 at 1.1 W gives:

Emf = 0.995E-3 V

T = 24.48' C

B. CALCULATION OF HEATER POWER

Channels 61 to 70 in the data acquisition system are used to mea-

sure the supply voltage (61) and voltage to the heaters.

Power = Emf * (Volt - Emfl/Rp
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Calculating the power dissipated by the heater #3:

Power = 3.408 * (4.085 - 3.408)/2.07

Power = 1.114 W

C. CALCULATION OF THE DIMENSIONLESS PARAMETERS

1. Calculation of the Block Faces Areas

Dimensions of the aluminum blocks are: length 24 mm, width

8 mm. and thickness 6 mm.

Acen = 24 mm * 8 mm = 192 m m 2 = 1.92E-4 m 2

Alef = 24 mm * 6 mm = 144 mm 2 = 1.44E-4 m 2

Arig 24 mm * 6 mm = 144 mm 2 = 1.44E-4 m 2

Atop = 6 mm * 8 mm = 48 mm 2 = 4.8E-5 m 2

Abot = 6 mm * 8 mm = 48 mm 2 = 4.8E-5 m 2

Atot - YA = 576 mm 2 = 5.76E-4 m 2

Tavg = 7(T(l) * A(I))/Atot

Calculating for component 3 at 1.1 W:

Tavg = (27.67 * 1.92E-4 + 25.73 * 4.8E-5 + 26.08

• 1.44E-4 + 26.69 * 4.8E5) /5.76E-4

Tavg = 26.63' C
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2. Calculation of the Temperatures at the Back of the

Components

Due to problems in the placement of the thermocouples that

measure the temperature at the heaters, these temperatures were

calculated with a calibration curve for w = 30 mm from data obtained

in Benedict [Ref. 131. This calibration cannot be applied to the case

where the width of the chamber is very small. In such a case. when

w = 9 mm. a one-dimensional conduction analysis was applied to find

the back temperature.

The best fit for the calibration points was:

T(K) = 14.003957 * Power + 14.517501

So. for 1.1 W,

T = 29.92 C

3. To Calculate the Conduction Losses Through the Circuit

Card

Qjoss = AT/Rc = 1/N I(T(I) - Tb(J))/Rc

Rc = L/kA

Re = 19.5E-3/(0.195 * 8E-3 * 24E-3) = 520.83 K/W

L = 19.5E-3 m

k = 0.195 W/m.K (plexdglass conductivity [Ref. 14])

A = (24E-3 * 8E-3) m 2 = 1.92E-4 m 2

Qoss = (29.92 - 17.31)/520.83

= 0.024 W
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4. To Find the Average Sink Temperature

Channels 58, 59, and 60 in the bottom heat exchanger and

channels 61. 72. and 73 in the top heat exchanger.

Tsink I 1/N (XTtc + 'Tbc)

Tsmnk (10.05 + 10.1 + 10.02 + 10.11 + 10.12 + 10.13)/6

Tsink 10.08: C

To find the net power dissipated by the heater. Qnet:

Qnet = Power - Qioss

For 1.1 W and component 3:

Qnet = (1.1 - 0.024) W

= 1.076 W

To find the convection coefficient h (from Newton's law of cooling):

Qnet = h * Atot * AT

AT = Tav4 - Tsink

AT = (26.63 - 10.08)c C

T = 16.55 = C

h = Qnet /(Atot * AT)

5. For 1.1 W and Component 3

h = 1.09 /(16.55 * 5.76E-4)

h = 114.342 W/m 2 K

57



6. To Calculate the Thermal Conductivity of the FC-75

k = (0.65 - 7.8947E-4 * Tfilm)/10

where Tfilm = (Targ + Tsink)/2.

At 1.1 W and chip 3:

Tfilm = (26.63 + 10.08) ° C/2

Tfilm = 18.35- C

k = 0.0645 W/m K

7. To Calculate the Vertical Length Based Nusselt Number,

Nul

Nul = h * LI/k

Nul = 114.342 * 24E-3/0.0645

Nul = 42.54

8. To Calculate the Ratio Area/Perimeter Based Nusselt

Number, Nu2

L2 = I(A(i)/P(i))

L2 = (24 * 8)/64 + (2 * 8 * 6)/(2 * 14) + (2 * 24 * 6)/(2 * 60)

L2 = 11.229E-3 m

L2 = 19.905
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9. To Calculate the Density of the FC-75, p (Kg/m 3 )

p = (1.825 - 0.00246 * Tfilni) * 1000

p = 1779.86 Kg/rn 3

10. To Calculate the FC-75 Specific Heat, Cp (J/Kg K)

Cp = (.241111 + 3.7037E-4 * Tfilm) * 4180

Cp = 1036.25 J/Kg K

11. To Calculate the FC-75 Viscosity, \'(m 2 /s)

v,= (1.4074 - 2.964E-2 * Tfril 1n + 3.8018E-4

Tfilmr2 - 2.7308E-6 * Tfilr 3 + 8.1679E-9 * Tfilm 4)E-6

= .97557E-6 mn2 /s

12. To Find the FC-75 Thermal Expansion Coefficient, P(K - 1 )

P = 0.00246/(1.825 - 0.00246 * TfiIrn)

for 1. 1 W and component 3:

3 = 1.382E-3 K-1

13. To Calculate the FC-75 Thermal Diffusivity c(m 2 /s)

. = k /p * Cp
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For 1. 1 \V and component 3:

a = 3.497E-8 m 2 /s

14. To Calculate the Grashof Number

Gr = g * P* 13 * AT/v 2

For 1. 1 W and component 3:

Gr - 3255734.402

15. To Calculate the Prandtl Number

Pr = \/(x

Pr = 27.89

16. To Find the Temperature Based Rayleigh Number

Ra = Gr * Pr

For 1.1 W and component 3:

Ra = 9.08E7

17. To Calculate the Flux Based Rayleigh Number

Raf = g * B * 14* Qnet/(k * v * a * Atot)

Raf = 3.9E9
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APPENDIX B

UNCERTAINTY ANALYSIS

The uncertainty analysis was done using the method of Kline and

McClintock. presented in Holman [Ref. 15]. The calculations will be

done for the end values 0.1 W and 3.0 W, for a chamber width of

30 nrm.

A. UNCERTAINTIES IN THE NET POWER ADDED TO THE FLUID

Qnet = Power - Qjoss

Power = emf(I) * (Volt - emf(I))/Rp

Power = ffemf{I), Volt, Rp)

aPower Volt- 2 -emf(I)

aemff(I) Rp

a Power _ emf(I)

aVoit Rp

oPower enmf(I) . (Volt - emf(1))

aRp Rp 2

~ ____ 22)2 72

powcr ", 2  
+ _____ 

Iol

power -1) am a R RP
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1'emf = 0.001 V

(by Resolution in the reading and precision of measuring devices)

Wvolt = 0.001 V

(by Resolution in the reading and precision of measuring devices)

W p = 0.05 Q

(including the added resistances)

For 0.1 W and chip 3:

emf(I) = 1.022 V

Volt = 1.225 V

Rp = 2.06 Q

(measured resistance including resistances in the junctions, etc.)

aPowe r -0.397
aemf(1)

-Powe r = 0.496
aVolt

Powxe r
-= -0.0488

aRp

2 2 2 2 2 2

W ,,er =[(-0.397) .(0.001) + (0.496) .(0.00bD + (-0.0488) (0.05)
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Wpower = 0.00252 W

Wpower 0.00252 W
-- = 2.511/

Power 0. 1 W

AT
gloss - Rc

where AT is the difference in temperature between the back surface of

the chip and the back of the board.

Q = f(AT. Rc)

aQ 1 Qls. AT
DAT Rc- Rc Rc 2

For 0.1 W and component 3:

_Q__o__ 1
11 - 1 = 0. 00192

-AT 520.83 K/W

- 0=-4.424x 10 - 7

aRc (520.83)

12

WQ1l - WAT+-ATW~lo W +Rc 2
)

W AT = 10% = 0.012' C
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VVRc = 10% = 52.083 K/W

2 2

WQo =1(0.001922 . 0. 0 12F+ ( - 4 . 4 2 4 x 10 -7) .(52.083)

2

WQo =(5.352 x I1 0_) = 3.258E-5

W9 ~s, 1-0. 14= 14%
Qls

2 2
WQr! = power +kWQo)]

wT 9 , = [(0.00252) + (3.258 x0 - )

WrQnet = ±0.025 W

-±, 2.5%
Q net

'The uncertainties in the losses are relatively big. but they do not

have a large effect on the final undertaking.
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For 3.0 NN and component 3:

emf(I) = 5.647 V

Volt = 6.762

Rp = 2.06Q

DPowe r -2.2
aemf(1)

aPower = 2.74
aVolt

a Powe rDR =1.484aRp

F 2 2 2 2 2 2
WP A,,. < (-2.2) (0.001) 2+ (2.74) .(0.001) +(1.484) .(0.05)

WXpower = 0.74 W

Wpower 0.074
power 3.0

aT -loss= 0.00192a AT 520.83

g I... 21.68
-2 =  -_ 7 . 993E -5

aRc (520.83)
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1  EQ2 2 _2 *(208)
L L (0.00192 .(2.168) +(-7.992E - (52.083)2

WQloss = 0.059 W

WQ los 14.14%WQ loss

Q loss

WQnet = [(Wpo 2+ (WQ loss

WQnet=-(0.074 
) +(0.0059)2

WQnet = ±0.0742 W

_ +2.5%
Q nct

B. UNCERTAINTY IN RAYLEIGH AND NUSSELT NUMBERS

Starting with:

Qnet = hAtot (Tavg - Tsink)

Q net
A tot (Tavg - Tsin k)
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h = f(Qnet. Atot, AT)

ah I
DQ A1to (AT)

ah Q ct

aAtot Atot(AT)

ah Q ne

DAT A to(AT)2

for 0. 1 W and component 3:

Atot = 5.76 x 10-4m 2 (for all components)

Dh 1-h= = 574.87
DQ nI (5.76 x 10-4)(3.02)

r-h h 0.1
(-x 1 -99804.03D)atot (5.76 x 10-4) (3.02)

Dh _ -0.1

DAT (5.76 x 10-4)(3.02)3

S(h ,2

= h _____ 
+ Dh I T2]2

a Q,,5A tot tot 6AT
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WQnet = +0.0025 W

WTL = 10 - 5 m

A (0_ 5 ) + (10 -5)2 1.41E -5 m 2

WAT = +1% = 0.03' C

r

x' L(574.87)2  (0.0025)2 +(99804) (1.4 E -5) 2 +(19.03 5)2  (0.03)2 -

"Trh = (2.065 + 0.019+.3260)'

= +2.09 W/m 2 K

Wh 2.09- - =+3.64%
h 57.487

For 3.0 W and component 3:

r3h 1
- = 45.52

aQ nt (5.76 x 10-)(38.38)

ah 3.0- 3.=2235597.84
aAtot (5.76x 10 - 4 ) (38.38)
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__h 3.0-h3. 2- = 3. 536
Da-T (5.76 x 10-4)(38.3 8)

1h = [(45.52)2 -(0.0742) 2 + (235597.8)2. (1.41E _5)2 + (3.54)2  (.38)2]2

WVh = ±4.92 w/m 2 K

Wh 4.92
h = 135.7 3.63N

To find the uncertaintv of Nusselt Number:

h,.

Nu - k

Nu = f(h, L, k)

DNu L

Dh k

DNu h

DL k

DNu hL
Dk k 2

Since the thermal properties of the FC-75 (dielectric liquid) are

values that depend on film temperatures, it is considered that there

are no uncertainties in these values.

69



K = (0.65- 7.89474E -4 -Tfm )/10

T T +T
film 2

For 0.1 W and component 3:

W
K =0.064 K

mK

Tfilm = 11.510 C

aNu 24x 10- 3m

ak 0.064 w/m K

Nu _57. 487- -2395.29
o k 24x 10 - 3

rNu _ 57.487x 24 x10 -336.84

Dk (0.064)

2~ 2 ]
[(aNu_ ___ aNu ) 2kIVNu Lw + (j +W

WNu =[(0.374)2 (2.09) +(2395.29)2 . (1o - 5)2

WNu = +0.78
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Nu - 0.78 0.036=3.6%
Nu 21.55

For 3.0 W and component 3:

W
k =0.0627 W
kmk

Tfilm = 29.2' C

dNu 24x 10-3 m 0.382
ah 0.0627

aNu 135.7- -5654.16
aL 24x 10

(0.382) 2 (4.92) + (5654.16)2 (10 -5

WNu = +1.88

X, VNu 1.88 =
Nu 51.94

Ra f = Grf .Pr

g 3L4Qn~

rf k fv2 Atot
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Pr-

Grf f(g,3,L 4 ',Q ,k , V2 A,.

Consider fluid properties without uncertainties.

aGr f g P3Q n,

L 4 - 2k
2 A tot

cGrf gL 4

a Q ,,, -v '2 A tot

DGr, gP3L 4 Q.

aA k v2 A2
tot f tot

For 0. 1 W and component 3:

= 0.00137 K- 1

k =0.064-Wnm.k

v = 1.11259E-6 
m

s

aGr4 =2.94E13
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aGrf

aQ =9.76E7

aGrf
aGrf -1.69E10

/22 2 72L

XI r f 2Gr 4 + 2Gr IW2 Q + Grf A

WGrK = L-) L+ Q net nt 
4 

aA tot Wo,

F 2 2

(2.94EI3) .(5.5 E-10) + (9.76E7) (0.0025)
WGr2 2

I .69E10)- (4.8 E-7)

WGrf = [2.6E8 + 5.9536E10 +6. 5E7]

WGrf = ±243569

Wcr
243569-- =2.5%/

Gr, 9.67E6

IVRaf = 2.5/6

For 3.0 W and component 3:

= 0.014 K -1
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=0.80402 x 10-
6m

s

W
kf = 0.062 7 m.K

aGr fDLr4 =17.6E15

aGrf
af = 19.5E7

aGrf
a o = 1.0E1 2

2 2 2 2 2 2--

XGr. = (17.6E15) (5.5E-10) - (19.5E7) . (0.0742) -(1.0E12)2 (4.8E-7)

lVGr = [9.3E1 3 + 2.09EI 4 + 2.38E1 11

WGrf 17405183

- = 2.9%{
Gr, 584920180

WRaf = 2.9%
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APPENDIX C

TABLES

TABLE 1

TEMPERATURE DATA FOR INPUT POWER 0. 1 W

BOTTOM BOUNDARY AT 20" C

C~tITE'- TOF 0' LEF7T E TO

F@oEF kO 7 7 .~E -

' -F--Hf 1 jn FIII I73EI 7E7~f

k0 I

- >i~~.iji1 17.7~ Z4,7E~~1.)~P

F-K,.!~~~ F .~ -

H 75



TABLE 2

TEMPERATURE DATA FOR INPUT POWER 0.7 W

BOTTOM BOUNDARY AT 200 C

F' 1 11 T TEP, ' " e .,z. 1j 2

E K HHN' ER TEHP. 1 U-.- C

OLL, TEpIPER TLURE5 ORE IN DEQREE5 CELCIUS

CE41TER TOP RIGHT LEFT POTTOM BAC0

P LEP .ATTS1: 7Q7 E -U[

'+n );): 23. cE ' iF +I0 23 ,[ 0 0  23.54E'O01 23. 8 0 EO( ,
POW,.E ( W,-hO T Ts o ); E 7 . E-On

(HIP H,3: 23.°RIE*' 23, 33 -'W) 2F.5 9E -0 2?.SSEUU 2 . E "O ) 20. E f I
0 0!4 E, (W.,OT TS 7 0 U 79E -i-i

'I P 'lq' 2 .:: +Io0 2?, ,) : 2--4 0E-')O, 20. F E +00 23.6b EOF 1i)  
. T E ' !

P'Er (ATTZ ) : 70.RWE-0T

AAIF H3r 26. I:UP +00 ~2 'P 01 2. OE Uf) 2. D'337E + 00 23gPE +.' 20 A E4
101P 01 5: 26. 2PE -,O 2 .a6-!i 23.4~4E,'j 23.37E+011 22.3[40',O 3U., E"

Fr,64ER (t4MTS): 71 R .38E- 0

rU-' UrOP: 25.IF 6 79 0 6' Y5 23. 4 , 0 2?. 5iE s)-0 !.0> E+00 7 C. E7EF

I)WE W 4t- T, 7 , 2 ) ,E- 02

P ,.E t4.id~~') /' .. -
, 1l 'l2- 2Z '.27E JO0 , I4.)7E0tl ' .. .7' . '7

Fi LP ~07) / (
I tj' 7 +i T } C) .j I E-+ j 1 4.1 ' -. " F-

' - 2 . 1 F' +0 0 2 G2,nI 2.2 rl 3_-51]['II0 23P.IEEflO '-,. . I

F w E (W oT 1I 70 f. flE-2

'-ER-:[E fE E TD. PERATURE--:
PiT o M: 3.7OO

- 
1

TOP: 20.

B F) PLANE TEMPERTIREc oE

T55: 20.9lE00

T111 21 E. 1
T 72) 2 .21 3 OQET 73) 2!1.10E 0 n

1 7 (1 2 1 ,SOE f)

T 75: 2f !03L f
T 76) 2 1. 1 8,E h' 0

T177 : 21, E + -)
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TABLE 3

TEMPERATURE DATA FOR INPUT POWER 1.5 W

BOTTOM BOUNDARY AT 200 C

L T E L 0EIf P:
EAT E . TH 4I [ER TEM.: 1-20J C

MLL TF ER TURES- ARE Ill DFGREES CELCIUS

C (,IR TE R TOP R I'HT LEFT EOT I 1l'A

i h F) ' I 1 3 fE -F 0 1- 9E -! 0 31 6 0 .E E, 31 1E -9 .3E E4
FOWEP (WO[T4U ): 15.17E-!

. R : "- . r 221O " . 1r- ) 31 .r E '0 3E 1) E+Jf 31 .2EE*0+ .?I.8.EEoE
PO ER I- ) s I E -U I

IHI'- [ F l : , '1'1 41 -_*,R+lI fl .9 +CC 1 7FE*Ol ?IlF3E;JU Eh. F j .11

,}i-H 1 qoa: 1(. 3 E II "1 52 -F .3''-aI00 _ -J+r 27 .S2E+30 31 . 'I[E 3(00 -_,__'.,-rFIDEI .WT S c: 2E i. E 1) 7E-{,I 1 6

'-I ATF 'ILK:_ F F*I_ ... _--' 2E F *jI} 30. IE "- i ... .3.. 1 ,PaE +30 31 . ,-rUE O33, . . .. i-[ W= ~
F UWEF P 111T: : 1 . liE I-l

"HIP.. tiP : "'". ' E -1 n 7 r'W _ . .7 -r - _!q 0 .- , - c.E + (I I- '1. 1 F + I) O "..a? *n t r•qL.

F' (7: 7H3E "If" 3- 1 9E -JI -1 -EJ 1 .741( >3>>''

FO E (I P :I kI 1E-

IJ E : L T ) * i F _ I I1' 1 1 E "

t" , ,3 , , &' F j1 3 .. . .I1 . 7E , .. ... .. . ... .31q Z Ep t -l 31 E S 1 ..) 1. -

POWE P ( WA TI : SI ZE-"1

Hi I HI E XCH01JGERS T iE P1 1IRES;

B .'£-n -, 7 0Em-,, . O09 +; (I2:£ 'r I.)

TOP:
PO )7 21~lS: 2U .9 E -01

B C,:>~ q F Eq L (M E TEMPPERA1_lRIRE41,

s[31 2".-7 +'QflU

BT 1 4 s 10.09E + 0

T(72): 220.. E+Pf

BA T 7Lfl T 7PP TIIE: FR +

T , 74. E 00

Ti-,) . 51E +0113

T K2 24. 43H3 4-3r
T 7,a 2a. 7 E 'E. ]
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TABLE 4

TEMPERATURE DATA FOR INPUT POWER 3.0 W

BOTTOM BOUNDARY AT 200 C

-L 
TI RFE TURED ill 11-E !4

; tI T TE 11P : L,.5 C -

'0LT 1ETER PEAPI N : 6 FUI V

H EHT EX T Et PI: 10-20 C

OLL TMPFERAH.RES ARE [I DEGREES CELCIUS

CENTER JOLI RIGHT LEFT BOTTOM BOCI

,-,I[P t00l: 4?..-UE,,)0 4c,. 65E 00 £i5, 'aE OL 46. ;:'Efnl iaS.FgE+iO 56,6E .

POWER (WATTS): 29.74E-l

CHIP 1 1:01 1,9E?4O0 5.37EO0 4R.3OzE+0O 14.5SE'-o 4G.O2EOO 56.302E+H
POWER (WfNTT - 3 E-

HIP 003: /z'i. 2E? O0 ) S.S17E 0fJ 4GOLE O0 / 2.GEO + 4 .9.E+ol S .1 ,2,E119
POWER (WHJT ) '3 293tE-O;

CHIP 0104: 1g. 53E -O0 i 7E.OOE+O . 76,TE*O0 42. G2E*'O 0. ?7gE+OO 5agE B

POWER (WATT 29. 3:3E- 01

CHIP 105: 4. EEO + 0 ) 14 45 .E 5F+.7 071 3[+Hi 6..-
POWER- k T T . 23.51E-01

J4 7 07: n . . O 9 .t) j O0 . ('O/fE OO 1B.)1E 4n. LT.3qE
- f+l4) . FK)

POWER 1ATT: 2'3. SI)E- 0

WT I 7: I ! -1, f'E I 7, 00,Z ']. / o4 IE 
' 1 

4 t7,,5}IE ,I), ) /1 7.29E~ n 1),r

P 0 ,;dER IhimfT -T 29 .Q 2j -1

f HF 110q '(C . 33qc Hr f in + on z4 Hf 7. iu3E ) w-, ' .38 *flf cE5 35 O -F * 2

POWER ( IA T T 29.3'E-0l

CHIP N09: 61";.gZE, O 45.7SE-0O /15.57E210 45. 5200 ,4. 73-,O3 SCR,*CO

POWER (WOTS): 2?.GE-O1

AVERVGE HEO E2(CHANGERS TEMPEROTUPES:
BOTTOM: 1 j .9E +00
TOP: 20.OE+O0

BACK PI MIE TEMPERATURES ARE

T , 31 .146E+00

T5HJ 32.PE+10
T1 57) 34. 30E. 0
1(72): 33.3 E',0 00
T(73): 32.78E*00
[(74): 33 ._7E#00
T 751 33, 3H + 00
TI 7 , 32. 3E -ui
T7 7: 32. 2E , 0
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TABLE 5

REDUCED DATA FOR INPUT POWER 0.1 W

BOTTOM BOUNDARY AT 200 C

TH UE 2T~ Bi)" PER 'HIP k0K?: 11.1

q ~-371 G E -T n9IEP I 4

T R F!E BUSED R OYLE 1F-H NUl MPER 4 E - 7 1 S: I17?.~ -E - ,
%~ UNCEPTAINTY INj THE TEMPERPUIRE BUSED RAYLEIGH I-UMEr IS :IP,~U
F_ I VU Bi)SED RAYLEIGH NUMBER * E-9 IS: zw6.5PE 014

7UNCERTAINTY IN FLUX BOSED RAYLEIGH NUMBER IS: 1458.E14E-ocT

7n. cE 0 1 "., -01f?.SIE-01
TEMrEPOTUIPE BUSED RUY -i- TGP NUI- MBER , -* '--1 E -~ (_I .

UIIERUI T I TE EIERTUR BUE ULEICH NUMBER IS :12S.iTE-L-0
FLUXl BUSED RAYLEIGH NUMBER, * E-8 IS: 40.?7E-fl4

UHCERTUINTY IN FLU X BASED PAYLEI H NUMBER S ~BSE

T*4 -[_ URE BUSED RAYLEIGH PIUMBER 4( E - 7 ISc.: 1, 3. r 7K F K?,
7 IIIIGEPTU TUTY It! THJE TFMrERATURE POSEED RAYLET~I1 NJ'JBER IS 3 SEU

FL ;U5R R TI___ 11 UMBER s[-9 IS : ~T3.7-
% llw ERTOIHTY IfN FL!JX BASED RAYL[IGH NUMBER IS: 4--,9.8E-0S

'43.H'iE-lT3 70l.22E-01 Il?DE I 1i. 2SE J
TEMPEPOTHRE BASED RYLEIGH NUMBER E-7 IS: 1 -0, T
* U1ICERTAINTY IN THE- TE I1EROTURE BOSED PRL EIGH NUMBER TJS1VVT

FLI-l' BUVED RAYLE IGH NUMl BER E-R I-1: 9 0E 2 (14
UNCE;BTUINTY IN FLU-X BUSED RAYLEIG-H NUMBER IS:111 ~ T

OILT-02 7-F.15 -W; P1'r

0MPEIJREBUSEF PUYLEIG(H HUMBER E- 7 17: '0i4'
UNCERTUINT Y INl THE TE:MPER(UTIRE BOSED R'UY L IC H UMBE R IS-

FLUX BASED RU YLE 1G UII14 E f If: FfpE 4 7

R ICERPTU 1N T Y I1 FLUX BUSED PAYLEiGH NUMBER I' 14? . G14~ EP

qq 1, S -o3 1C E-' 31.O fl4 Uz -, 1
TEMPIEFUTURE 'BASED RUYLE IC-H NUMBER E7 1 1 L ~F -f,

HlGICERTUINTY III THE T E tffERU I LIRE BUSED1 R~L O 11 RE If 1 -F' ~K
FLUX BUASED RAYLFICGH NUMBER F -P IS:' iUr~G

~UNCER TOINTiY 11 FLUX BUSE D RAUYLE ICH NUMBER IS: 46. 3E 0

lo0 ' ?E n2 7 .E . 1 l "($3lp. 11E -1 ) 1t2 E
TEIlFEPUT!JRE BASED RAYLEIGTH NI-MBER *-7 1 1 PC 9- O

U 1NCERTAINTY TN THE TEMPERATURE BUSED RPYLEIG-H NUMBER IS:?2F-C
FLUX BUSED RAYLEIGH NuMBER 4 E-9 IS: 'iUR.Ufl0E-U14
7UNCERTUINTY I14 FLUX BUSED RAYLEIGH NUMBER IS: 4F7.114E-O t l

310.0RE-112 75.98E-01 28. 7SE-01 13.12F-ol
TEMPERAUTLRE BUSED RAYLEIGH N4UMBEP * E-7 IS: 142. t -E -fl0

Y. 1ItINETIITY IN THE TEMPERATURE BASED RUYLEIGH N UMBER IS :131.78E-OL2
FLUX BUSED RAYLEIGH NUMBER v E-R IS: Anr4.59E-04

U 'NCERTAINTY IN FLUX FUSED R14YLEIGH NUMBER IS: 455.89E-0OB

9.72E-03 73.0OE-lll 29.6CE-01 13 .72E-01
TEM1FERUTURE BUSED RUYI-EICH1- NUMBER 4 E-7 I'-: 1 7G. 112P-U3
% UNICERTHIN1 Y IN THE TEMPFRAUTIRE BfUSED PYLE TI NUMBER I'S I17 5FE-0
FLUIX FUSED RUYLF IPH NU'MBER - 5-? 15;: 41)4~ 'ItI -1111
7UNCEPRTUIN TY IN F LII BUSET) RUTLE ICH NITMLE IS: -' '1
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TABLE 6

REDUCED DATA FOR INPUT POWER 0.7 W

BOTTOM BOUNDARY AT 200 C

DE > O'E F l1l THE FIL : 08 '!7 7

TOE P'L-ER SETTIN6 FER _-Hi WAS 0 .7 NATS

h :- N Ot~ ,i ) .a g Ts flu LUtC INl Uu

4 70.20E-10 1 .2,E-fl 1 n. 7GE-lr 70.4E- U
TE FERP,0 r.1RF BUSED ROYLEIGH tlIJtIBER , E-7 IS: 297.0SE-J3
% UNCERI IN T Y IN THE TEMPERA TURE BASED RO YLEIGH NUM BER IS :7)3.0 4E-03

FLUX BOSED RAYLEIGH HUMBER 4 E-O IS: 3108.85E-03
. UNCERTAINTY 11N FLUX BASED RAYLEIGH NUMBER IS: 231.59E-Oi

70. IFE-p2 q,.8EOn I0,88 ',-0 71. I E-02

TEMPERATURE BASED RAYLEIGH NUMBER E-7 IS: ?83.28E-03
% JNCERTrOINTY IN THE TEMPERATURE BOSED RAYLEIGH lLrMBER IS :711.2E-7
FLUX BASED RAYLEIIGH NUMBER * E-8 IS: 308.10L-03

UNCERTAINTY IN1 FLUX BASED RAYLEIGH NUMBER IS: 231.7IE-Ozj

70.03E-02 1'3.G6E+no 11. 18E+00 7?. 32F-02
TEMPEPATURE BASED RAYLEIGH NUMBER # E-7 IS: 27 7,_E -03
/ INCERTAINTY Ill THE TEMPERATURE BASED RAYLEIGH NUMBER I , :732.8oE-0

FLU X OSED RYLEIGH NUMBER * E-q IS: ?O8.03E- 3
. UNCERTAINTY IN FLUU BOSED RAYLEIGH NUMBER IS: 232.17E -O

-3. 32E-U2 13. I OE+On 11 . 5-4E O0 7E. 7E-02
TEMFEP IURE BASED RA YLEIGH NUMBE, * E- I,: 2 0.,E-U?

L!N"lC(ERTAINTY INH THE IPIPERATURE POSED RAYLEIGH NUMBER IS : 7 4,r-1A
FLUX POSED RRYLE IGH NUMBER * E-R IS: 30! .OE-03
% U4NCERTAINTY IN FLUX POSED RAYLEIGH NUMBER IS: 234.54E-04

6').,1E-02 1,3.71E+0 9 11 .08E+00 73.0 6 -, 2
TE!pFERATUR pSED PYLRTGH NUMBER # E-7 IS: 2711. q1E-f(

ICERTAIN] y ItN THE TEMPERATURE BOSED RYLEIGA NIJUMBER IS :731j.2

FLO<' POSED RAYLEIGH NJUMBER 4 E-q IS: ? O.7E-(13
3 UNCERTHIN TY IN FLUX BASED RAYLET'.2H NUMBER IS: 233.57F-01

H 3.49E-U0 lzj.67E 0- In .?ZE 400 ER,8. _'0F -OZ

TEMPERA rLURE BASED BO YLE ICH N4UMBER , E -7 ILI: 297.-E -0-
UNCERTOIJTY INl THE TEMT1ERATURE BoSED ROrLEIS-H NUMBER IS :R...SF

FL'UX BO.ED RrIYL_ TTh NUMBER - E-P IS: 307 .D'E- 3
. UNCERiAlJTY INl FLUX BSED RAY(LEIGH NUMBER IS: 233.9E-I/

70.A,2E-02 1o -3 F1fl 0 .7 3E+O, 3.-, 9SE-f'?
TEFPEROTURE PASED RAYLEIGH NIBER - E-7 1S: 28.5 E- 13

7. UNCERTAINHTY IN THE TEMPER0. LRE BASED ROYLE IGH NUMBER IS :E9?. 1 JE-
-LUX BASED RAYLEIGH IMBER , E-B IF: 310.07E-03
7. UNCERTAINTY INl FLUX BASED RAYLEIGH NUMBER IS: 2310.88E-04

13 70. E-02 1a.06E+On 10.9E -O 71.25E-02
TEMPERATIJRF BASED RAYLEIGH NUMBER * E-7 IS: 232.DIOE-03
7 UNCERTAINTY IN THE TEMPERATURE BoSED RAYLEIGH NUMBER IS :712.17E-03

FLUX BSED RAYLEIGH NUMBER * E-9 IS: 310.07E-03
N LICERTAINTY IN FLUX BASED RAYLEIGH NUMBER IS: 230.19E-0A

97,.OZE-12 1.3.67EI)fl 11 .18E+O0 77.27E-02
TEMPERATIURE BASED RAYLEIGH NUMBER , E-7 IS: 273.90E-03
7. UNCERIHTY IN THE TEMPERATURE BASED RAYLEIGH NUMBEP IS :732. -30E-

FLUX BAFED RAYLEIGH NUMBER [ E-9 IS: '.29E-03
7. UNCERTAINTY IN FLUX BSED RAYLEIGH NlUMBER IS: 232.D1E-04
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TABLE 7

REDUCED DATA FOR INPUT POWER 1.5 W

BOTTOM BOUNDARY AT 20W C

-J 4 ~ E. E F~ o L,- FL : T Li E

-F F" E P ETTIU P'E L4I P': I.E t.,h WS

15 ) I -i '. 087 flI 1- .19E1+ O q + '9 0 00

TE PC0fA IIU,-F PA ) D A LE tiUMBER E -7 1S: , .: -,E -03

7 IINCERTOI IY I THE TEMIERATUPE BSFD RAYLE I- NUME'ER I : 4 3E 0?

FLUX . PSED FA fLIH IM'BER 4 E -R IS: 72: 2 -'E -3
7 UNCERTAINTY IN FLUX BASED RAYLE1-H NUMBER I'-: 2 9 .IE-UA

' aBEhl 21.7UE+0r 1S.flE+0flfl2-B

TEM'ERP IURE BASED RA YLE IGH NUMBER E -7 IC: '- .F-

UJNCER
T AIN lY IN THE TEMPERATURE BASED RAYLEIGH NUMBER IS 14re 7E-'?

PLI I X BALED RAYLEI, H NUMBEP * E-9 Ic : 71'3. 11E -U
,: IJ'ERTAiNTy IN FLUX BASED RAYLEIGH NUMBER IS: 22..28E-'4

1/4a.,?N~E F9E+nfll IrF GRE 4( (I i F n-

TF1 ERATIRE BASED RAYLEIGH NjUMBER 4 E-7 IS: -E GCE -O0

(1tNC(E TPINTY IN THE TEMPERATURE BWSED RAYLE1'71 NUMBER IS 'W,7 FPE -017
F L!Y BASED RAYLEIGH NIIMBER * E-8 I: 7 .1,1 )E-03

.UHrERIPINIY IN FLUX BASED RAYLEIGH NIUMBER IS: 22',,71

1 ,1. !3 1 P7 -0 1 00 15 . E+00 11 ,7 E ' - 2

TEM 'P TIRE BASED RAYLEIGH tJUMBEP k, F -7 IS: tl WI'n -1,
IN ,PERIlY IN THE T.IPERATURE BASED RAYLE -H NUMBER IS :4',/ _

FLU, BAED RAYLEILH NUI, BER - -P I1: 7Oc,.OSE-0
NIN(,ERTOINTY IN FLUX BASED RAYLEIGlH WJAIMEP IS: 22!.02E-06

1L .9 E 1 .! E 1 ) 1 -  , lE 'no 1A

r EIp UH'F')TURE BASED r FfLE IVH NUMBER - v-7 IS: 4q,. F '3

7. 1 EF TA INIY IN TIF TEMPERA IJRE B'ED PPYL I+ I'hMR N1 !MEE.
I ','D RAYLEIGH NIIFER 1 E -9 IS: '(D . 2IF
UNCERII0 T," IN LIX F-,_cED RHYLE11'' NLIHP.EP I'S: Z .. E- 0

4._,, fl l 17. 77E+H X. E ? 7 U R , OiL
TEMPERATURE BASED RHYLEIrh NUM'BFR ' E-7 I;: ?72.- 7?-O?

IlCEFAINT( iP1 THE TrIFERAIIJRE ,. -,D RAYLEIGH HUMBER IS : S?. I -

FLUX BASED ROYLEI(-H NUMBER E-- -: rU!-.f! -

7 UIiERTAITIY IN FLUX BASED RAYLEICTA NUMBER IS: ?27.EEE-J'4
15 O E-O122 33F an, 1 Z4. 72E'O - rla4. 90g -

TEMPERATURE BASL-O RAYLEIGH HUMBER - E-7 IS: /1. QE-03

7 UNCERTAINTY IN THE TEMPERATURE EASED RAYLEIGH NUMBER IS '' - 0
FLU',' BASED RAYLEIGH NdUMBER * E-q IS,: 72 . 23E-03
7 UNCERTAINTY IN FLUX BASED RAYLEIGH NUMBER IS: 224.SGE-V4

13 15.OiE-91 2 .7EF+flin 15.20E+O0 b6.0GE-02
TEMPERaTURE BASED RAYLEIGH NUMBER 4- E-7 IS: 47F.1E- 0

7 UNCERTAINTY T1J THE TEMPERATURE BASED RAYLEIGH NUMBER IS :'60-.PE-'J3
FLUX BASED RAYLEIGH NUMPER # E-R IS: 723.92E-0?
% UNCERTAINTY IN FLUX BASED RAYLEIGH NUMBER IS: 223.96E-04

3 1L4.97E-01 21.07Er)T 1S,5BE'-0 aT.O'-47 .U
TEI!PERATURE BASED RAYLEIGH NUMBER 4 E-7 IS: 1457 .63E-')
/ UN1CERTAIITY Ii TE iFtMPERAURE BPASED RA'LEIf NUMER IS :U7-,.23E-U
r.IJX BASED RAYLEIH NIIMPER 4 E-9 : 12. TDE-H

!UNCERIAINTY IN FLUX BASED RAYLEIGH NUMBER IF: 221_. E-
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TABLE 8

REDUCED DATA FOR INPUT POWER 3.0 W

BOTTOM BOUNDARY AT 200 C

114~ - 'IIH FrUM1 - E F TL, 0, I

SFb,,E; '-ET T IrIL FER T~j P A .1- i.J0T i?

'4 - 11 E T

IE!IPERAT'JRE POSED RAYLEG N1UMEER E- 7 1 28b37
: JNCER Tc NTY IN THE TEMPERATURE RAGE[D RH AYLr Er I NUt Et :7. U

-11, , ES E D R0Y L E IGH NuM.11B ER 4 F-Sq I S: 1 c. 2 9E - )2
XUNCERTAINTY IN FLUX BASED RAYLEIGH NUMBER IS: 194.60E-@'i

TFMPERAI-IRE BASED RAYLEIGHI NHJMPP - E-7 IS: SiP E - 0 ?

UNItCERTA)INTY INl THE TEMPERATURE BPA-FD RPAYLFq NUBRI 20 l-.
FLUX BASED RAYLEIGH NUMBER F -F IS: 16 2.()E -i1)

MUNCERTOINIY iNl FLUX SESD RAYLEICH NUMBER IS: 1i3'1. 6E- 1)

29q' . 3r.v-E 19." -E+010 2 qE -0
- 'f : p(TURE PW1D RAYLEIGH NUMBER t E -? IS 1: ' 83.? ! .2K-U?

HCER TA0iI Y IN THE TEMPER0 TURE BAS-ED RAYLE IOUH NUMBER 1 1 238, .OG -'
I 'A DASED RAYLEICH NUMBER - F-R TIS): 1 R,2 .'KE.E- Li2
UNCER TA IllTY INl FLUX BASED RAYI F ICH NUMBER IS 19 S 0 - i

29 . i1 FrE- 0 ?S .88GE fl IF R 0~Uf 0
TEMPLRATLIE DASED RAYLEI(H NI-IMFE * F - ~ 1 -7

U:I NCE RT A IN T I N T HE T E:IPE RA T IRE AC,'E D 0 YL F I rA' NUIABE R IS :210. 7E E -2
FL!Iv B'F0 ROYLE VfH NiUMBER * F P ',I: 8 1 F g'

2 UNCERTA1iNIY INl FLUX BASED ROYLFICH NUMBER IS lqr PSE-lLI

23 . 1 1K-i 33?TU 1 F~ff £SF-F

uoSIERAlUR FACED RHLH KUniJMPFR 911F1F~.

IItCER TA IT IN-1 THE T EMEERO.TI RE BA' -D P*OYLLE IO NOA HUzEP I'- : 'c'

ri11 BASED RAYLEIG-H NUMBE4PR F -9 13 : I88PSF-

ZUNCERTAINTY IN FLUY BASED RAYLEIGH NUJMBER 1 I In. KB

TEMPERA TIPE BASED RriYLE ICH NUMBER - IS 1: R.114 TTE - n

U INCERTAIN I Y IN THE TEM1PERATUREFWBAED RAYLEIGHP NUMBR 1 f~ ~i
FI-I - RBO-ED RAYLEIGH NUMBER -i 13 I: 15.2Ef1 - E q0

SUNCERJAINTY IN FLUIX BASED RAYLEIGH NUMBER IS: S8E-A

5 1 RE -0 37.SrE+Gf 1 7 .1 2E YI 28 7/r)
TE!HPEROTUPIE BASED RAYLEICH NUMBER *F-7 13): SR I . 1411F- 3
7. UNCERTIiNTY IN THE TEMPERATURE BASED RAYLEIGH NUMBER8S, z :?FRL-1'
FLUX BASED RAYLEIGH NUMBER * E-8 IS: 170.39E-02
*UNCERTAINTY IN FLUX BASED RAYLEIGH NUMBER IS: 194.07E-0TL

82959E-01 -- .23E+00 1P.09E4flD 27.71E-n2
TEMPERATURE BASED RAYLEIGH NUMBER * E-7 IS: 9?A.TT8E-O0?

%. UNCERTAINTY IN THE TEMPERATURE BASED RAYLEIGH NUMBER 13IS 83E-I

FLUX BASED RAYLEIGH NUMBER * F-P IS: 183.1SF-f'?
Y. UNCERTAINTY IN FLUX BASED RAYLEIGH NUMBER IS: lq3.cI -0EA

9 29.37E-01 3/r.23E*01U 18.3BE+00233S-C
TEMPFERATURE BASED RAYLEIGH NUMBER 4 E-7 13: 888. E-fl?

'/ UNCERTAINTY IN THE TEMPERATURE BASFD RAYLEI(GH NU!MBER 1' :2918-, )-OS.
FLIIX BASED RAYLEIGH NUMBER 4 F-S IS: I r 4. i-E -02
Z. UNCERTAINTY IN FLUX BASED RAYLEIG , NUIMBER IS:I 94SEN
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TABLE 9

TEMPERATURE DATA FOR INPUT POWER 0. 1 W

BOTTOM BOUNDARY INSULATED

, 111)" ,'.

fAL: (!A L,21 E IFillr -3 .:1[-

TOP"

1

U 11W 6 , _,.e

T FTh T.6: P

2 Z~E +' 3

B~I~ PL ( tII-E 1PP P) 'J0F R t-

Q I E

I CD . 3 E
lt 711: r 7- E '00
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TABLE 10

TEMPERATURE DATA FOR INPUT POWER 0.7 W

BOTTOM BOUNDARY INSULATED

"" -- I [Vlf ,4 .5 -F p'

T MP 4o 1 r

T L Ei'tPcF-, ;FFt E F, ii' Vh F -E 0 S (rLF '-

CENTER TOP FIGHT LEFT BOTTON Pop

P N E ' I', Vt W T - ) : 7 , 43 -U-

,Wp IJ , \ ,op i -22 . ,70H. ,, TEE "0 0
tT fl 22. -. bpiJF 39E ,p

Pga ( o1 H IXE -

-j( i Ir , !, 1,,-,: ., m) V AI'E- " 2 2 " 2A A o zA n 2 n
. . .}Fl' : -': '47' ' 

_ T ,h , .i , i) - F*"(J , ''2 , ' ' -l -2. 'E flb 2 ... l fil , '
4
.,' P F PP

Pr~hEP Ivan '' 7 ]1,1

P* R WA 1T 10 A A C -

n rn 2I
Cr, Fp:f -- E

TCl. o, Q ; F ,n- 2E * 2 -. 3iT 17. 4-0j-i w- F 'F - 'FIf F. -1

FP i V 7- 3.9E :1, Is-

r' -8c H) !-

*~~~~ , - jF ,IpE84118

T T p 1' , , ,, , , :b OAF

IF KE 0L0P 2MF2' IFE "3 1 Eo

J(Lp 1 PE.7 u r

T (j ' ' .

f 1 n
TI ( ::; If .71E 1(
1 /- r 1 E~ 0[ 0,
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TABLE 11

TEMPERATURE DATA FOR INPUT POWER 1.1 W

BOTTOM BOUNDARY INSULATED

,,' E'EJ: TE'  NK'-: 21. -}
TI F EF E' ) Z I I W 4 F F : , 2F Ei Pi

7 TF1P 4-F : I -

0LL T7!PE RF TLUFE3 , RE ii DERCES CEL3 11W

CE t PIE TOP R EH EFT E;1 Tf) T,

i,1 F l: 2 ' 0 P 'Rf-n ,7.fl 2 . lE -W -7,'V E+f 10 .30 [Vk
P IEG W T TS : i F - 1- 1

1:11 i ?N 2 M : 2?. 1 E I o . , Elf * ,f.9 h Kq n 2G . 9E -,V I L'R L''F 2 nC.Th
0;J E R I Iq fS : 0. EE- 1

-H 1 40 :, ,C13 . .. +, i uP , _ ,@ R 0 
. . .... 2F. 7I E ," 2RE- 7FfHP,/ iF.ZPE.PQ 2P . ?-1 '

E [:1 T T:,) I . -

- I:jL BY UF :,:.. l 2 r 0 ;c ..... ?}R, F g ,;E +F~Iu 20 l'gE~Yoi 2F.27 ,F;? lk ?,Q q

, - " -. I - + 1 4' . ,''' 1 ... P 5E +F 2+.8{WE 2 -.-
FI ER (,)IAT T j : 1j.

7F ' T:. I" . : " 0 2 F, F - . 7' 7 ' - " !,

FOfE) 1-T4i i1) E2;-1

FO WER W lT) I

FIOJi-ii P (1J 7 1r T 1 f 1,

HEf0T E ' C i-WR- i E (,, lPE?: TI-i4T Flr T
BU 1 TIJN C tEsVi 18.
TOP; ,' - ' IP q , . -P1 €

P cK PLqNE IEMPERATIIIR I .E PF

Tf ( -): 2 49E + 0 )

TIS7 ,2.27E + j
T1721 22 'E P
T(73 21 '37FE1O

T1171: 22". 12E*-nO
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TANBLE 12

TEMPERATURE DATA FOR INPUT POWE--R 3.0 W

BOTTOM BOUNDARY INSULATED

&T L AE;ARE

~,i- ' I .4,l'j V

'P WS5v-

OLL ID'- Em ORSSA 11TW S L

~~CE E 'IF' -R'2'- 'LEO 2 P2' 1'~ 1 tg*'H oP?~~l ~ l L[.r .z
2

,_y o SxdF''< soxxo SKOE

'IF F''F T v T : -:i p'.p GEO p~jfi '

C-C 'F' - oo ''

*ow ON , T TS)1''~ :~7FF nn.3F'i'E'-0

700 VnVQ 4TKA "D4 10A 714 0) 9RK1

uQ. -V4E F so o W3040' K~: M -W 47ro

_'.TJEW 47 0 0 4R. 'f II j 2 l !-

COF- (W',' T T

P . W T T-, E. 1

A&' 1 0'l "T[MPRS 175 3 ER P ES 'zw7

PS ! 3 4 .0 I0fl

T i C 1 1. 4l~ . '
T 1 k 71

If 74) 31". P E, 1)fl

T(751 44,0P.86
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TAB LE 13

REDUCED DATA FOR INPUT POWER 0.1 W

BOTTOM BOUNDARY INSULATED

Tb * I T i . i0r E 7U P0 7AE F - __

T E Fm9J4ER lE T T I G PE h CIPF N 1. 4A TI,,

f- FE Tu I w I ova - TI Nu .Lltl( P1i l

9 0 .URE- 1) 21 -q E9E-nl 1G3EO T.9 E - 01
TE-1FEFAITjRE EASED [FPYLEIC-H tL'MEER E-7 IS: 1019R. 9F -3
XUfCERfAINTY fIN THE TEMPERATURE EBASED RA YL EI1GH NULMBER IS : 169.28E -02

FLUX BASED RAYLEIGH NUMBER 4 E-01 TS: '401.14E-04
XUNCERTAINTY IN FLUX BASED RAYLEIGH NUMBER IS: 394.13E-05

!O.ArE-02 S0.09E-lt 363.31E-01 16.67E-01
TFMPERATUIRE BASE-D RAY~LEIGH NUMBER *E-7 IS: 11fl.4FF-03

UNltCERTAIINTY INThE TEPIPERATURE BASED RAYLEIGH NUMBER IS :166~.7'E-02
FLUX BASED RAYLEIGH 'JUMBER Y E-q IS]: z'Wi .11E-0A

U tNCERTAINTY INl FLU.X BASED RAYLEIGH NUJMBER IS: 394.S3E-fl.

10.DE-02 S?.'46E-fll I .26E-01 17.14E-01
TE"PERATLIRE BASED PnYLEIGH HUMBER 4 E-7 IS: 107.?CE-f'i?
7. NCERTAIN1TY IN THE TEMPERATURE POASDED RAYLEIGH NU1MBER IS :171 .38E-02

FLIUX BASED RAYLEIGH NUMBER -4 E-8 IS:' 39Q.54E-04
'UNCERTAINITY IN FLUX BASED RAYLEIGH NUMBER IS: 39S.38E-OE-

3:' IEO .I E - 01 '17.11E-01 17.24F-01
TEMPERATURE BAc 'ED RAYLEIGH NL'MBER *E-7 I-: 1DR.Sh3E-0D3
. tN(WERTAINIY TN THE TEiPERATURE BASED RAYLEIGH NUMBER IS :172.4~3E-02
FLUX) BASED RAYLEIGH NUMBER -, E-PR IS: 3'-5. 1 E - 04
X INCERTAiINTY IN FLUX EASED RAYLEIGH NUMBER IS: 399.24E-05

93.77E-03 SP.B'4E-fl 3G.72E-O1 17.03E-01
TEMPERATURE BASED RAI'LEIC.H NUIMBER * E-7 IS: i03.f2E-o

1. NLERTAINTY IN THE TEMPERATURE EAS-ED RAYLEIGH NIJMPER IS :170.2-7E-02
FLUX 9ASED RAYLEIGH N1UMBER E-q lc:: 397. l1iE -04
7 UNCERTAINTY IN FLUX BASED RAYLEIGH NUMBER IS: 397.BSE-OE

?S.58E-0S £.05F-fl1 3/'.29E-01 58-G
TEMPrERATURE Bri' D RAYLEIGH fNUMER E-7 IS: I If. ")F - 0
. UNCEPTAINTY IN THE TEMPERATURE BoSED RAYLEIG7H NlUMBER IS:13dEO
FLUX BASED RAYLEIGH NUMBER -, E-P 13: 33.81E-04

ZUNCERTAINTY IN FLUX BASED RAYLEICH INUMBER IS: 398.2/lE-0c

7 10.09E-0J2 5?3.3E-fl 37.56E-01 17.17E-ll
TEMPERATURE BASED RAYLEIGH NUMPER *E-7 IS: 107. CIE- 3
7. UNCERTAINTY IN4 THE TEMPERATURE BASED RAYLEIGH NUMBER IS : 171 .73E-02
FLU!X BASED RAYLEIGH NUMBER * E-8 IS;: 102. 00E -O0 4
V. UNCERTAINTY IN FLUX BASED RAYLEIGH NUMBER IS: 392.90E-05

8 10.1'E-02 S9.A1E-ll ':6.99E-01 16.87E-01
TEMPERATURE BASED RHYLEIGH HUMBER *E-7 IS: 109.12E-I.
7 UNCERTAINITY IN THE TEMPERATURE BASED RAYLEIGH NUMBER IS : 168.66E-02
FLUX BASE-D RAYLEIGH NUJMBER * E-9 IS: 1403.SGE-O'4
7 UNCERTAINTY IN FLUX BASED RAYLEIGH NUMBER IS: 391.87E-OS

93 10.0'4E-02 S6.68E-01 3P.Li3E-01 17.68E-01
TEMPERATURE BASED RAYLEIG'H NUMBER * F-7 IS: 103.AOE-93
7 UNCERTAINTY IN THE TEMPERATURE BASED RAYLEIGH NUMBER IS :176.77E-0S
FLUX BASED RAYLEIGH NUMBER -, E-8 TI;: 2 9rE-04
7UNCERTAINTY IN FLUX BASED RAYLEIGH NUMBER IS: 395.13E-05
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TABLE 14

REDUCED DATA FOR INPUT POWER 0.7 W
BOTTOM BOUNDARY INSULATED

TH-E PA14 Emi [hTA APE FR914 THE FILE: OR 2 S 7
THE POWER SETTING PEP, CHIP WAS: n.7 NOTTS

'.H I 0HE T W T 'ao- Ts Ll 'l i n II u

70.1KE-02 1l.10ErI'l 11.67E400 76.L17[-02
TEMlPERATURE BASED RAYLEIGH NUMBER - E-7 IS: 2 1 .03 E-03
7. UNCERTAINTY 11N THE TEMPERATURE BASED RAYLEIGH NUMBER IS : 7614,?5-0':
FLUX BASED RAYLEIGH NUMBER * E-8 IS: 304.66E-113

7UNCERTAINTY IN FLUX BASED RAYLEIGH NUMBER ISl: 23L4.56[-lL4

270.07E-02 12.8SE+00 lfJ39E#oo 77-95E-02
TEMPERATURE BASED RAYLEIGH NUMBER * E-7 IS: 2S55.3F3E-03
7 UNiCERTAINTY IN THE TEMPERATURE BASED RAYLEIGH'NUMBER IS :779.20E-03
FLUX BASED RAYLEIGH NUMBER * E-R Ir ': 303.SA4E-03
7% UNCERTAINTY IN FLUX BASED RAYLEIGH NUMBER IS: 23L4.7SE-O/4

3 69.94~E-02 12.S9E+OO 12.11E~0fl 79.57E-02
TEMPERATURE BASED RAYLFIGH NJUMBER 4 E-7 IS: 2t4'.17E-03
7 UNCERTAINTY IN THE TEMPERATURE BASED RAYLFIGH NUMBER I'D :79S.314E-0]
FLUX BASED RAYLEIGH NUMBER -1 E-8 I. 30/1 E-03
7. UNCERTAINTY IN FLUX BASED RAYLEIGH NUMBER IS: 235.21E-0t4

463 -2 4E -02 t2.82E+00 I .78E+00 7.9,IE - )2
TEMPERATURE BASED RAYLFIGH NUMBER * E-7 IS: 25'i.59E-02
7. UNCERTAINTY IN THE TEMPERATURE BASED RAYLEIGH NUMBER IS :7RI.2SE-03
FLUX BASED RAYLEIGH NUMBER -, E-8 IS: 2'?9.33E-03
,UNCERTAINTY IN FLUX BASED RAYLEIGH NUMBER IS: 237.59E-0O4

6 9.53E-01 12.5/iE+riO 1 .OS E+0 0 7 9.88E -0 2
TEMPERATURE BASED RAYLEIGH NUMBER *E-7 IS: 2S3EO
7 UNCERTAINTY IN THE TEMPERATURE BASED RAYLEIGH NUMBER IS :79G.L47E-03
FLUX BASED RAYLEIGH NUMBER * E-a IS: 300.13E-03
7 UNCERTAINTY IN4 FLUX BASED RAYLEIGH NUMBER IS: 23G.58E-04

6 69.LIAE-02 13.34F+00 1 i.35E+00 7S. 14E-02
TEMPERATURE BASED RAYLEIGH NUMPER -E-7 IS: 26IE0
7 UNCERTAINTY IN THE TEMPERATURE BASED RAYLEIGH NUMBER IS :751 .07E-TJ3
FLUJX BASED RAYLEIGH NU MBER * E-q IS: 30-'.30E-03
. UNCERTAINTY IN FLUX BASED RAYLEIGH NUMBER IS: 237.02E-0,4

7 70,34iE-02 13.12E+00 1 .7 OE +00 7G.q0E-02
TEMPERATURE BASED RAYLEIGH NUMBER -* E-7 IS: 261 .31E-03
%. UNCERTAINTY IN THE TEMPERATURE BASED RAYLEIGH NUMBm IS15 .&E0
FLUX BASED RAYLEIGH NUMBER 4 E-8 IS: 305.62E-03
7 UNCERTAINTY IN FLUX BASED RAYLEIGH NUMBER IS: 233.86E-04

8 70.SSE-02 I2.88E~ofl 11.95E+00 77.32E-02
TEMPERATURE BASED RAYLEIGH NUMBER * E-7 IS: 255.8GE-03
7 UNCERTAINTY IN THE TEMPERATURE BASED RAYLEIGH NUMBER IS :777.86E-03
FLUX BASED RAYLEIGH NUMBER * E-8 IS: '105.69E-03
7 UNCERTAINTY IN FLUX BASED RAYLEIGH NUMBER IS: 233.IGE-'4

9 69.97E-02 12.A4~E+Ofl 12.26E+00 80.5'4E-02
TEMPERATURE BASED RAYLEIGH NUMBER * E-7 IS: 246.0l4E-03
7. UNCERTAINTY IN THE TEMPERATURE BASED RAYLEIGH NUMBER IS :805.10E-03
FLUX BASED RAYLEIGH NUMBER * E-8 IS: -'10.64E-03
7UNCERTAINTY IN FLUX BASED RAYLEIGH NUMBER IS: 235.11E-Oti
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TABLE 15

REDUCED DATA FOR INPUT POWER 1.1 W

BOTTOM BOUNDARY INSULATED

THE RAW E n P[ TO ARE FROlM TLIE F LF: i

THE 7Oi4tER 3ETTi 1K, PER CHIP HS: I WA TTS

HIP !IJE T 4 Tk4 ava-T lu ,IJ/LIt I ju

I O.3'E-CI I 7,53E*nO 13. S +00 57,I ?E-)2
TEMPERATURE RASED RAYLEIGH NUMBER * E-7 iS: 3E,. 0E-03
'. UNCERTAIMlY IN THE TEMPERATURE BASED RAYLEIGH NUMBER IS :571 .25E-03
FLUX BASED RAYLEIGH NUMBER 4 E-9 IS: 494.S3E-03
7. UNCERTAINTY IN FLUX BASED RAYLEIGH NUMBER IS: 226.93E--O4

0.8E-01 I 7.19E+0O 13.77E+O0 S.29E-02
TEMPERATURE BASED RAYLEIGH NUMBER 4, E-7 IS: 3S7.4gE-03

7. UNCERTAINTY IN THE TEMPERATURE BAS, RAYLEIGH NUMBER IS :E,8.43E-03

FLUX BASED RAYLEIGH NUMBER * E-P IS: 4?2.30E-03
2 UNCERTAINTY IN FLUX BASED RAYLEIGH NUMBER IS: 227.14iE-O0

3 1.81E-01 I1f.77E +f n 1 t.09E*00 53.75E-02
TEMPERATURE BAPED RAYLEIGH NUMBER 4 E-7 IS: 47.17E-O?
"/. UNCERTAINTY IN THE TEMPERATURE BASED RAYLEIGH NUMBER IS :597,04E-03

FLUX BASED RAYLJIGH NUMBER * E-8 IS: 89.01E-03
7 UNCERTAINTY I RI UX BASED RAYLEIGH NUMBER IS: 227.58E-O

4 10.70E-01 I7.30E+0n0 13.5SE OO ;.nE-C
TEMPERATURE BASED RAYLEIGH NUMBER -- E-7 IS: 3G0.TAE-03
. UNCERTAINTY Il THE TEMPERATURE BASED RAYLEIGH NUMBER IS :S79.80E-03
FLUX BASED RAYLEIGH NUMBER * E-8 IS: 48?.09E-03
7. UNCERTAINTY IN FLUX BASED RAYLEIGH NUMBER IS: 229.85E-O4

1 1O.7SE-OI 15.78E Ofl 14.OOE*On S-. 71E-02
TEMPERATIRE BASED RAYLEIGH NUMBER * E-7 IS: , 7 .42E-Q3
7. UNCERTAINTY IN TH4E TEMPERATURE FASED RArLEIGH NUMBER 1)S.57E-03
FLUX BASED RAYLEIGH NUMBER * E-R IS: 486.30E-03
7. UNCERTAINTY IN FLUX BASED RAYLEIGH NUMBER IS: 22P.8,E-04

6 10,7,E-OI 'R. 70E+O 14.03EO0 J0.nOE-12
TEMPERATURE BASED RAYLEIGH NUMBER - E-7 IS: 345,ASE-U3

. INiCERJAIUTY IN THE TEMPERATURE BASED RAYLEIGH NUMBER IS :599.EGE -0

FLUX BASED RAYLEIGH NUMBER * E-q IS: $6 .,,32E-O3
7. UNCERTAINTY IN FLUX BASED RAYLEIGH NUMBER IS: 229.37E-04

7 1O.87E-U1 I7.R1E 00 13.SDE+00 5F.91E-02
TEMPERAIURE BASED RAYLEIGH NUMBER * E-7 IS: 3E7. 7FEFY3

7. UNCERTAINTY IN THE TEMPERATURE BASED RAYLEIGH NUMBER IS :SR.6RE-OS

FLUX BASED RAYLEIGH NUMBER * E-8 IS: 496.4"E-03
7. UNCERTAINTY IN FLUX BASED RAYLEIGH NUMBER IS: 225 .30E-04

aI0.90E-O1 17.22E+O 13.8SE+00 58.21E-02
TEMPERATURE BASED RAYLEIGH NUMBER * E-7 IS: 358.03E-03

7. UNCERTAINTY IN THE TEMPERATURE BASED RAYLEIGH NUMBER IS :581.63E-03

FLUX BASED RAYLEIGH NUMBER * E-8 IS: a9S.91E-03
7. UNCERTAINTY IN FLUX BASED RAYLEIGH NUMBER IS: 225.59E-OA

9 10.81E-01 16.G1E+00 14.23E4O0 60.32E-02
TEMPERATURE BASED RAYLEIGH NUMBER * E-7 IS: 3/3.29E-03
7. UNCERTAINTY IN THE TEMPERATURE BASED RAYLEIGH NUMBER IS :602.77E-03

PLUM MASED RAYLETr(H NlIMRER v E-9 IS: aq.3aE-03
7 UNCERTAINTY IN FLUX BASED RAYLEIGH NUMBER IS: 227,aE-04
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TABLE 16

REDUCED DATA FOR INPUT POWER 3.0 W
BOTTOM BOUNDARY INSULATED

THE RAW E m [ATA ;RE FRO IHE FILE: 00T:31310

THE PnWER SETTIHG PER CHIP WAS: 3.0 WATTS

'-IP UlNET(W) Tavo-Ts Ni .UNC IN Nu

29.7PE-n 1) 4.31E+0n 16.OIE+00 23z. 1E-02

TFiPERATIIRF BASED RAYI FIGH NUMBER * F-7 IS: 110.90E-02
Z UNCERTAINTY IN THE TEMPERRIURE BASED RAYLEIGH NUMBER IS :,4L.Jut-u,
FLUX BASED RAYLEIGH NUMBER * E-8 IS: 177.SaE-02
% UNCERTAINTY IN FLUX BASED RAYLEIGH NU11BER IS: 202.57E-04

29.77E-01 O0.60E+00 IG.28E+O0 24,74E-02
TEMPERATURE BASED RAYLEIGH NUMBER - E-7 IS: 108.25E-02
, UNCERTAINTY IN THE TEMPERATURE BASED RAYLEIGH NUMBER IS :246.54E-03
FLUX BASED RAYLEIGH NUMBER * E-8 IS: 176.18E-02
. UNCERTAINTY IN FLUX BASED RAYLEIGH NUMBER IS: 202.SE-O4

3 29.72E-01 3g.IjE0ol 16.94E+00 25.GE-02
TEMIPERATURE BASED RAYLEIGH NUMBER 4 E-7 IS: 102.RWE-02
Y. UNCERTAINTY IN THE TEMPERATURE BASED RAYLEIGH NUMBER IS :255.82E-03
FLUX BASED RAYLEIGH NUMBER - E-8 IS: 173.21E-02
7. UNCERTAINTY IN FLUX BASED RAYLEIGH NUMBER IS: 203.01E-04

29.,12E-01 00.51E+00 16.12E+00 24.79E-02
TEMPERATURE BASED RAYLEIGH NUMBER * E-7 IS: 107.92E-02
'( UNCERTAINTY IN THE TEMPERATURE BASED RAYLEIGH NUMBER IS :247.08E-03
FLUX BASED RAYLEIGH NUMBER * E-8 IS: 173.98E-02
% UNCERTAINTY IN FLUX BASED RAYLEIGH NUMBER IS: 20S.02E-04

5 29,SSE-01 39.52E+00 16.59E00 25.41E-02
TEMPEROTURE BASED RAYLEIGH NUMBER 4 E-7 IS: 1014.'7E-02
% UNCERTAINTY IN 1HE TEMPERATURE BASED RAYLEIGH NUMBER IS :253.20E-03
FLU( BASED RAYLEIGH NUMBER * E-8 IS: 172.94E-02
% UNCERTAINTY IN FLUX BASED RAYLEIGH NUMBER IS: 204.1SE-04

329.AE-O1 A1.ISEIII 15.99E+00 24.42E-02
TEMPERATURE BASED RAYLEIGH NUMBER * E-7 IS: 110.27E-02
?. UNCERTAINTY IN THE TEMPERATURE BASED RAYLEIGH NUMBER IS :243.29E-03
FLUX BASED RAYLEIGH NUMBER Y E-8 IS: 17S.19E-02
;1 UNCERTAINTY IN FLUX BASED RAYLEIGH NUMBER IS: 204.93E-04

7 29.87E-01 41.77EF+00 15.89E+00 24.0SE-02
TEMPERATURE BASED RAYLEIGH NUMBER * E-7 IS: 112.BE-02
*. UNCERTAINTY IN THE TEMPERATURE BASED RAYLEIGH NUMBER IS :239.64E-03
FLUX BASED RAYLEIGH NUMBER * E-9 IS: 178.94E-02
7 UNCERTAINTY IN FLUX BASED RAYLEIGH NUMBER IS: 201,94E-04

29.9FE-01 40.95E400 16.25E+00 24.53E-02
TEMPERATURE BASED RAYLEIGH NUMBER * E-7 IS: 109.SSE-02
7 UNCERTAINTY IN THE TEMPERATURE BASED RAYLEIGH NUMBER IS :244.43E-03
FLUX BASED RAYLEIGH NUMBER * E-8 IS: 177.96E-02
7 UNCERTAINTY IN FLUX BASED RAYLEIGH NUMBER IS: 201.34E-04

9 29.72E-01 39.63E+00 16.64E#00 25.34E-02
TEMPERATURE BASED RAYLEIGH NUMBER * E-7 IS: 104.6SE-02
7 UNCERTAINTY IN THE TEMPERATURE BASED RAYLEIGH NUMBER IS :252.60E-03
FLUX BASED RAYLEIGH NUMBER * E-8 IS: 174,11E-02
V. UNCERTAINTY IN FLUX BASED RAYLEIGH NUMBER IS: 203.OOE-Oa
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TABLE 17

TEMPERATURE DATA FOR INPUT POWER 0. 1 W

CHAMBER WIDTH = 30 mm

RESULTS ARE STORED IN FILE: loI(1810

EXPERIMENT CARRIED )UT AT
AMBIENT TEMP (CELSIU5) Or: 24.33
BATH4 TEMP : 10 C-10 C
TEMPERATURE READINGS IN DEGREES CELSIUS

CENTER TOP RIGIII LEFT BOTlOM BACV

CHIP NO1: 12.806 12.761 12.736 12.771 12.616 15.431

POWER (WAITS): .0983
CHIP N02: 12.954 12.894 12,591 12.861 12.816 15.438

POWER (WTTS): .oq9
CHIP N113: 13.099 12.956 00,000 12-906 13.076 15.451

POWER (WATTS): ,0996
CHIP N04: 12.764 12.731 12.536 12.5/4 12.4811 15.41

POWER (WATTS): .0990
CHIP NO5: 12.831 12.894 12.836 12.824 12.801 15.446

POWER (WATTS): .0993
CHIP NO6: 13.019 12.914 12.979 11.858 12.716 1S.448

POWER (WATTS): .0995
CHIP N07: 12.689 12.686 12.706 12.684 12.559 15.445

POWER (WATTS): .0992
CHIP N08: 13.039 12.941 12.966 00.000 12.901 15.442

POWER (WATTS): .0990
CHIP f109: 13.256 13.114 12.834 13.144 13.144 15.445

POWER (WATTS): .0992

HEAT EXCHANGERS TEMPERATURES: RIGHTI CENTER LEI
BOTTOM: 09.967 10.012 09.937

TOP: 10.037 00.000 10.012

BACK PLANE TEMPERATURES
1(55): 12.656
1(56): 12.961
f(57): 12.709
T(74): 13.131
T(75): 13.561
1(76): 13.671
1(77): 13.366

SOURCE VOLTAGE: 1.225

VOLTAGE TO THE HEAIERS
CHIP #1: .972
CHIP #2: 1.027
CHIP #3: 1.022
CHIP #4: 1.024
ClIP #5: .968
CHIP #6: 1.022
CHIP #7: 1.023
CHtIP #8: 1.023
CHIP #9: 1.023
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TABLE 18

TEMPERATURE DATA FOR INPUT POWER 0.7 W

CHAMBER WIDTH = 30 mm

RESULTS ARE SIORED IH FIL: 10170950i

EXPERIMENT CARRIED OUT OT
AMBIENT TEMP (CELSIUS) OF: 24.78
BATH TEMP : 10 C-I0 C
IEMPERAItURE READINGS IH DF.GREES CELSIUS

CENTER TOP RIGHT LEFT BOTTOM BreCY

CHIP NI1: 21.48 21.22 21.08 21.31 20.01 24.28
POWER (WATTS): .708

CHIP N02:22.18 21.50 18.45 21.41 20.88 24.34

POWER (WATTS): .712
CHIP N03: 22.65 21.48 00.00 21.56 21.98 24.4/4

POWER (WATTS): .719
CHIP N04: 21.68 21.26 20.78 21.12 20.37 24.39

POWER (WATTS): .715
CHIP NO5: 21.93 21.19 21.53 2i.74 21.48 24.42

POWER (WATTS): .718
CHIP N06: 22.75 21.81 22.07 2!!.73 20.12 24.48

POWER (WATTS): .721
CHIP N07: 21.14 20.83 21.34 20.95 13.34 24.44

POWER (WATTS): .719
CHIP N08: 22.00 21.42 21.32 00.00 20.87 24-43

POWER (WAITS): .718
CHIP N09: 22.65 20.64 19.15 22.02 21.83 24.42

POWER (WATTS): .717

HEAT EXCIIAcGERS TEMPERATURES: RIGHT CENIER LEFT
BOTTOM: 09.922 10.017 09.972
TOP: 09.977 00.000 10.OGO

BACK PLANE TEMPERATURES
1(55): 15.191
T(56): 15.611
1(57): 14.265
1(74): 15.651
1(75): 16.079
1(76): 16.521
1(77): 15.350

SOURCE VOLTAGE: 3.288

VOLTAGE TO THE HEATERS
CHIP #1: 2.610
CHIP #2: 2.756
CHIP 03: 2.743
CHIP #4: 2.747
CHIP #s: 2.597
CHIP #6: 2.741
CHIP #7: 2.743
CHIP #B8: 2.744
CHIP #9: 2.745
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TABLE 19

TEMPERATURE DATA FOR INPUT POWER 1.1 W

CHAMBER WIDTH = 30 mm

RESULTS ARL STORED IN FILE: 1071720

EXPERIMENT CARRIED OUT AT
AMBIENt TEMP (CELSIUS) OF: 25.9
BAI}I TEMP : 10 C-10 C
TEMPERATURE READINGS IN DEGREES CELSIUS

CENTER TOP RIGHT LEFT BOTTOM BACK
CHIP NOl: 26.38 25.79 25.94 2C.17 2'1.21 29.857

POWER (WATTS): 1.092
CHIP N02: 27.34 28.00 22.01 26.17 25.62 29.96

POWER (WAITS): 1.099
CHIP N03: 27.67 25.73 00.00 26.08 26.89 30.11

POWER (WAITS): 1.1093
CHIP N04: 26.74 26.01 25.51 26.00 24.85 30.02

POWER (WATTS): 1.103
CHIP NOS: 29.78 25.86 26.110 2G.71 26.35 30.08

POWER (14ATTS): 1.107
CHIP N6: 27.51 25.54 26.74 25.6S 24.17 30.16

POWER (WATTS): 1.113
CHIP N7: 25.80 25.40 28.18 25.83 22.98 30.10

POWER (WATTS): 1.109
CHIP N08: 27.06 25.80 26.15 00.00 25.29 30.11

POWER (WATTS): 1.109
CHIP N09: 27.79 24.71 21.38 26.9; 28.60 30.11

POWER (W4tTS): 1.710

HEAT EXCHANGERS TEIiPERATURES: RIGHT CENTER LLFT
BOTTOM: 09.924 10.015 09.987
TOP: 10.010 00.000 10.OG

BACK PLANE TEMPERATURES
T(55): IG.88
T(56): 17.48
1(57): 15.70
T(74): 17.57
T(7S): 18.00
T(76): 18.49
T(77): 17.08

SOURCE VOLTAGE: 4.085

-VOLTAGE TO THE HEATERS
CHIP #1: 3.244
CHIP #2: 3.424
CHIP *3: 3.408
CHIP #4: 3.'113
CHIP #5: 3.228
CHIP #6: 3.406
CHIP #7: 3.408
CHIP #8: 3.108
CHIP #9: 3.408
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TABLE 20

TEMPERATURE DATA FOR INPUT POWER 1.5 W

CHAMBER WIDTH = 30 mm
RESULTS ARE SIORED IN FILE: 101,91020

EXPERJMEIT CARRIED OUT AT
AMBIENT TEMI; (CELSIUS) OF: 23.3
BATH TEMP : 10 (-1() C
TEMPERATURE READINGS IN DF;REES CELSIUS

CENTER TOP RIGHIT LEFT BOTTOM BACK
CHIP NOI: 33.07 32.50 32.62 32.72 29.91 35.55

POWER (WATTS): 1.48/
CHIP N02: 34.32 32.62 27.17 32.75 31.80 35.68

-POWER (WATTS): 1.493
CHIP N03: 34.63 32.10 00.01) 32.62 33.39 35.89

POWER (WAITS): 1.5077
CHIP N04: 33.56 32.40 31.90 32.49 30.83 35.79

POWER (WATTS): I.S01
CHIP NOS: 33.39 32.19 32.67 33.16 32.64 35.87

POWER (WATTS): 1.50G
CHIP NO6: 34.02 31.20 33.07 32./41 29.59 35.97

POWER (WATTS): 1.513
C1I1P NO7: 32.02 30.79 32.47 31.73 27.98 35.89

POWER (WAIS): 1.508
CHIP N108: 33.89 32,28 32,71 no0.0 31.39 35.89

POWER (WATTS): I.S07
CHIP N09: 34.69 31.22 26.04 33.I 3.3.00 35.88

POWER (WATTS): I.S07

HEAT EXCHANGERS IEMPERATURES: RIGHT1 CENTER LEFT
BOTTOM: 10.027 10,098 10.073
TOP: 10.108 00.000 10.126

BACK PLANE TEMPERATURES
T(S5): 19.59
1(56): 20.25
T(57): 17.80
T(74): 21.09
1(75): 20.76
T(76): 21.47
1(77): 19.69

SOURCE VOLTAGE: 4.76?

VOLTAGE TO THE HEATERS
CHIP #1: 3.787
CHIP #2: 3.997
CHIP #3: 3.979
CHIP #4: 3.983
CHIP #5: 3.76?
CHIP #6: 3.975
CHIP #7: 3.979
CHIP #8: 3.979
CHIP 09: 3.979

THESE RESULIS ARE NOW SIrJRED ON DISK 'FASISCAN

FILE: 30MMIOR
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TABLE 21

TEMPERATURE DATA FOR INPUT POWER 2.5 W

CHAMBER WIDTH =30 mm

RESULTS ARE SIORED IN FILF: 10182338

EXPERIMENT CARRIED OUT Af
AMBIENT TEMP (CELSIUS) OF: 23.17
BATH TEMP : 10 c
TEMPERATURE READIIGS IN DEGREES CELSIUS

CENTER TOP RIGHT LEFT BOTTOM BACK
CHIP NO?: 42.47 £41.80 '1.39 42.n4 37.20 49.73

POWER (WATTS): 2.461
CHIP N02: 44.31 40.93 41.68 1.68 40.14 49.93

POWER (WATTS): 2.475
CHIP N03: 44.77 41.10 O0.0o 4113 "2.66 50.28

POWER (WATTS): 2.4985
CHIP NOI: 42.78 40.79 40.417 41.00 38.73 50.08

POWER (WAITS): 2.485
CHIP Nos: 42.58 42.08 41.60 42.36 41.83 50.20

POWER (WAITS): 2.494
CHI1P NOG: 42.77 38.65 41.30 41.37 35.79 50.411

POWER (WfTTS): 2.507
CHIP NO: 40.63 39.59 41.08 £0.51 31.11 50.25

POWER (WATTS): 2.497
CHIP N08: 42.02 39.95 40.79 00.00 37.88 50.27

POWER (WAITS): 2.498
CHIP N09: 42.77 37.10 41.32 41.32 10.60 50.24

POWER (WATTS): 2.496

HEAT LXXi'4GERS IEIIFLPilIRS. RICHI CE,!IlER LEF
BOTTOM: 10.020 10.110 10.0H5
TOP: 09.718 00.000 10.015

BACK PLANE TEMPERAIURES
T(55): 21.2P,
T(56) 22.10
1(57): 19.117
1(74): 23.34
1(75): 22.77
T(76): 23.81
T(77): 21.70

SOURCE VOLTAGE: 6.142

VOLTAGE TO THE HETIERS
CHIP #1: 4.881
CHIP #2: 5.152
CHIP #3: 5.128
CHIP #4: 5.135
CHIP 5: 4.859
CHIP #6: 5.12/4
CHIP v7: 5.129
CHIP #8: 5.129
CHIP .9: 5.129
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TABLE 22

TEMPERATURE DATA FOR INPUT POWER 3.0 W

CHAMBER WIDTH = 30 mm

RESULTS ARE STORED IN FILE: 1023?224

EXPERIMENT CARRIED O- AT
AMBIENT TEMP (;ELSIUS) OF: 22.8'3
BATH TEMP : 10 C
IEMPERAIURE READINGS IN DFCR[rF CELSILIS

CENIER TOP R IGi LEFT BOTTOM PACK
CHIP NOIT: 50.66 49.62 "9.07 49.97 43.61 E7.87

POWER (WATTS): 3.022
CHIP N02: 52.71 47.72 49.42 49.42 46.37 58.10

POWER (WATTS): 3.038
CHIP N03: S2.51 10.65 00.00 47.22 149.87 58.53

POWER (WATTS): 3.0672
CHIP NO4: 51.15 47.96 48.59 '48.79 46.00 c,8.30

POWER (WATTS): 3.051
CHIP NOS: 50,48 48.36 49.36 50.51 48.61 58.4i7

POWER (WnTTS): 3.063
CHIP NOG: 51.67 142.15 48.38 47.63 46.09 R.70

POWER (WATTS): 3.079
CHIP NO: 48.27 16.25 48./0 4.07 39.7R 58.52

POWER (WATTS): 3.066
CHIP NO: 419.10 45.58 48.05 00.00 44.02 58.53

POWER (WATTS): 3.067
CHIP N09: 50.71 41.39 43.01 13.01 45.34 58.49

POWER (WATTS): 3.064

HEAT EXCHANGERS TEMPERAIURES: RIGHT CEIIiER LEI I
BOTTOM: 10.057 10.166 10.176
TOP: 10.073 00.000 10.163

BACK PLANE TEMPERATURES
1(55): 24.75
](56): 26.51
T(57): 22.64
T(74): 28.00
1(75): 26.95
1(76): 28.63
1(77): 25.41

SOURCE VOLTAGE: 6.807

V(LTAGE TO TIE HEATERS
CHIP #1: 5.411
CtlIP #2: 5.112
CItIP #3: 5.685
CHIP #4: 5.692
CHIP # 5: 5.385
CHIP # 6: 5.680
CHIP #7: 5.685
CHIP #8: 5.685
CHIP #9: 5,6R6
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TABLE 23

REDUCED DATA FOR INPUT POWER 0.1 W

CHAMBER WIDTH = 30 mm

11H17 PON [mf [)()If AEF[ [130 11W FlIf LtE: lolfimlbo

IMW FOWI-JE SIL11110 Pri (HmIP wos: 0.1 W
1111E [)15 oNC(E 10IlC il [ROM WO.TLL W07) 30 11IM

cHlI P (JII- ( 1 J11av ci Is fthr I lIu 2

1 .10 -).7F 2,3.19 10.S

F I.UX POSED ROYLEIG(3 NI.IMHE1FR E-9 IS: .?31

CIF POL Ill'lPEROIIIPU : 1:.
SINK UIF'ER01UREi: 10. 104;

2 .10 p,0 22.77 10. U,

FLUI-X 11,0'D POYLIEF IIH HUHUER IS - 1: .31
OVIROGE 1ELIPERO1URF: 12.923
SINK TFIPEROIUPF: I19.104

3 1 f/ 3 n13 9.3

it UIX [101[) R()YL-E I IIIITER V -9 IS: .I3I
AVE ROE IF E RO1 lIRE : 1 3. 11 4i/
S cI fK IELNPE[ROTI L in.10I i

14 .10 F2.1 214. 149 11.I

FO X P, Aq f ) R lY L E TllI NIJIlipER 4 F -9 15,: .I

Ay R IF R L-E I M11ER 0 I1R F : 1 . 734

31(1K ILMPETROIUIRl' 10.10/1

s .10 2.Rl 22.P2 10.68

MIX 001)ROYL[IGH1 III )ER * [-9 1S: .1

AV[RM6E IMPElRO LURE: 12.934I
SINK IEMPE1RnIURE 10 .1I l

G .10 2.60 24.11 11.2p

Ft I~f W P RMYl r jOYLF I'll-UIPFI v F-9 IS: .31

OVF RAGE I EMPE RA IJRE : 12I,'. 7SP
s INK lEmPERiFTURE: 10.11011

7 .10 2 . r, 2Ai.10 11.2b

FtLIX POSED ROYLEH4 1 101IMfR F -9 IS: .31

AVEROG-F IEEPROR[: 1 .782
511NK IEMPEROTLJRF: 10-1011

13 .10 27V3' 2 1 58 10.10
F[UX fl0511) rC1)YL.II I'lfflIPFA? E-9 IcS: .31

(WE ROOlF TEt Ffr RF E: 1 3. 089
q INK I PERO JURF : 10. 104

9 .10 3.1In 2 0 .R4 9 .7c,

Fl tlI Ix B10)OlL 1(31lIlPER F -? 15,: .31
n(fRIc P061 JMIRO (HOC 1 l.2)02

S I ( 11IfTI'M (IRI 10. 10(/1
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TABLE 24

REDUCED DATA FOR INPUT POWER 0.7 W

CHAMBER WIDTH = 30 mm

THE R014 F.f I)OT A oRE r RM tl- FILE: 10170950
THE POWER SET I ING PER CHIP 1-0S: 0.7 14
THE DISTANCE T( THE FRONT WALL Wi 30 MM

CHIP ONE (H-) TvO-- 17- flu 1 Nu2

1 .70 1 1.2 40.87 19 12
F[UX BAISEt) RAYLEIlH NUMER E E-9 IS: 2. 11
AVFRAGE TEMPERATURF: 21.294
SINK IEMF'ERATIURE: 10.073

2 .71 10.92 2.?3 19. 7G
F[UX BASE_ RAYLEIGH1 NUMBER E-9 IS: 2.42
AVFRAC[ ITEPERATURE: 20.9911
SINK TEMPFERAIURE: 100713

3 .71 12.11 38.48 18.00
FtUX BASED RAYLEIGHI NUMBER 4, E-9 IS: 2.48
AVERA(E TEMPERATURE: 22. 185
SINK TEMPERATiJRE: 10.073

4 .71 11.20 141.37 19.3G
FLUX BASED RAYLEIGH NUMBER * E-9 IS: 2.44
AVERAGE TEMPERAfURE: 21.273
SINK TEMPERATURE: 10.073

s .71 11.71 39.73 18.59
FtlUX BAt[) RAYLEIGH NUMBER * E-9 IS: 2.46
AVFRAGE TEMPERATURE: 21.783
SINK TEMPERATURE: 10.073

G .72 11.RI 39.J1 18.53
FLUIIX BASt[) RAYEE 151lJ1NUBER v E-9 IS: 2./48

VRAGE TEMPERATURE: 21.R78
SINK TEMPERATURE: 10.073

.71 10 .9 42.38 198.
FLUX BASED) RAYLEIHC3 NUMBER * E-9 IS: 2.4
AVFRAGE IEMPERATURE: 21.066
SINK TEMPERATURE: 19.073

8 .71 11.61 40.07 18.75
F[LIX BASED RAYLEIGH1 NUMBER * E-9 IS: 2. 45
AVERAGE TEMPERATURE: 21.685

SINK TEMPERATURE: 10.073

9 .71 11.1F 41.64 19.48
FL UX BASED RAYLEIGil NUMVER * F- 9 IS: 2.44
AVERAGE TEMPERATURE: 21.235
SINK TEMPERATURE: 11.073
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TABLE 25

REDUCED DATA FOR INPUT POWER 1.1 W

CHAMBER WIDTH = 30 mm

THE RAN Enf D A ARE FR(H THE FILE: 101/1720
THE PO-4ER ESET IMIC PFR CHIP WAS: 1.1 W
THE DISTIANCE TO lTHE FRONT WALL WAS 30 MM

CHIP UIJET(I.) Tava-Ts Nul Nu2

1 1.08 16.00 44.33 20.74
F tUX BASED RAYLEIGH IUMBER * E-9 IS: 3.3
AVERAGE TEMPERATURE: 26.089
SINK TEMPERATURE: 10.085

2 1.09 15.48 46.12 21.58
FlUX BASED RAYLEIGH lUMBER * E-9 IS: 3.94
AVERAGE TEMPEROIURE: 25.562
SINK TEmPERATURE: 10.085

3 1.10 16. 83 42.84 20.0'i
FLUX BASED RAYLEIGH NUMBER * E-9 IS: 4.03
AVERAGE IEMI'ERAIURE: 26.917
SINK TEMPERATURE: 10.085

41 .09 16. n 44.67 20.90
FLUX BASED RAYLEIGH NUMPER t E-9 IS: 3.98
AVERAGE TEMPERAIUIRE: 26.136
SINK TEMPERATURE: 10.085

5 1.10 17.57 40.98 19.17
FLUX BASED RAYLEIGHt NUMBER * E-9 IS: a.06
AVERAGE TEmPERATUR-: 27.657
SINK TEMPERAIURE: 10.085

1. 10 16.4? 44.03 20.60
rtUX BASED RAYLEIGHI NUMBER l E-9 15: 4.03
AVERAGE TEMPERATURE: 26.509
SINK TEMPERATURE: 10.085

7 1.10 15 .6( 46.18 21.60,
FtUX BASED RAYLEIGH NUMBER * E-9 I5: 3.98
AVrIRAGE TEMPERAIURE: 25.688
SINK TEMPERATURE: 10.085

8 1.10 16.43 /13.88 20.53
FUX BASED RAYLEIGHI NUMBER 4 E-9 IS: 4.02
AVERAGE IEMPERTIJRE: 26.519
SINK TEMPERATURE: TOI08S

9 1.10 15.63 46.12 21.58
FLUX BASED RAYLEIGI NUIIPER v E-9 15: 3.8
AVF.RAGE TEMPERATIRE: 2S.717
SINK TEMPERAIIRE: 10.085
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TABLE 26

REDUCED DATA FOR INPUT POWER 1.5 W
CHAMBER WIDTH = 30 mm

THE RAl! [m DATA ARE FROM THE F ILE: 10211130
THE POWER SETTING PER (1IP WAS: 1.5 N
THE DISTANCE TO THE FRONT WALL WAS 30 MM

CHIP ONET(WI Tavo-T ful Iu2

1.$2 22.39 Ai. F5 20.89
FLUX BASED RAYLEIGH NUMPER 1 [-9 IS: 5.94
AVERAGE TEMPERATIJRE: 32.$69
SINK TEMPERATURE: 10. 180

2 1.53 21.8n 46.10 21.57
FLUX BASED RAYLEIGH NUMBER * E-9 IS: 5.94
AVERAGE TEMPERATURE: 31.978
SINK TEMPERATURE: 10.180

3 1.54 24.07 42.22 19.75
FLUX BASED RAYLEIGH NUMBER * E-9 IS: 6.15
AVERAGE TEMPERATUIRE: 34.252
SIN1K TEMPERATURE: 10. 180

4 1.5/4 22.27 45.37 21.23
FLUX BASED RAYLEJGH NUMBER * E-9 IS: 6.00
AVERAGE TEMPERATURE" 32.450
SINK TEMPERATURE: 10.180

S 1.54 23.39 43.35 20.28
FLUX BASED RNYLEJGII HUMPER * E-9 IS: 6.09
AVERAGE TEMPER TURE: 33.5/4
SINK TEMPERATURE: 10.180

6 1.5S 22.61 45.06 21.08
FLUX BASED RAYLEIGH NUMBIER , E-9 IS: 6.07
AVERAGE TEMPERATURE: 32. 188
SINK TEMPERATURE: 10.180

71 .54 21 .66 46.86 21.92I
FLUX BASED RAYLEIGH NUMBER * E-9 IS: 5.99
AVERAGE TEMPERATURE: 31.837
SINK TEMPERATURE: 10.180

8 1.S4 22.30 45.54 21.30
FLUX BASED RAYLEIGHl NUMBER * E-9 IS: 6.03
AVERAGE TEMPERATURE: 32.482
SINK TEMPERATURE: 10.180

9 1.54 20.60 49.26 23.05
FLUX BASED RAYLEIGH IUMBER , E-9 IS: 5.92
AVERAGE TEMPERATURE: 30.782
SINK TEMPERATURE: 10.180
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TABLE 27

REDUCED DATA FOR INPUT POWER 2.5 w

CHAMBER WIDTH = 30 mm

THE RflI4 Emf DWAlt ARE FROM Ill FILL: 10182338

IHE PUER SEITIN PFR (lIP W S: 2.5 U

THE DISIANCE TO THE FRONT WAlLL W S 30 M 1

CHIP OQlf (14) Tavg-lTs Nul N,2

1 2. A A 31.61 51.08 23.90

I[Ux BIASED R(1YLELIGC NlOjlVIER * E-9 IS: 1O.5a

AVERAGE !EMPERC!TURP: 1l.698

SINK TEMPERA4TURE: l0.997

2 2.45 30.24 53.65 25.1(

FLUX CASED ROYLEJGH IlIJliIER 4 E-9 IS: 10.44

fAVERAGE 1EIPERA1URE: /0.331

SINK ITEPEROIURE: 10.067

3 2.48 33.03 49.69 23.25

Ftux BASED RAYLEIGH NUIMBER * E-9 IS: 10.86

AVERAGE TEMPERITIU: 143.113

SINK IEI1PERAIURE: 10.087

32. /1.27 52.1,4 22,39

FLUX B(SED RAYLF11(; NI)MBER 4 E-9 1S: I0.60

AVERAGE TEtIFEROTURE: '41.356

SINK IEMrERfTIURE: 10.087

5 2.47 32.19 ;0.86 23.79

FLUX BISEID RAqYLEIGH NUMBlR w E-9 IS: 10.74

AVERAGE ILMPERWIURE: 42.277

SINK TEMPERATURE: 10.087

6 2.49 31.114 52.81) 24.72

FLUX BASED RAYLEIG11 NUIMER * E-9 IS: 10.68

AVERACE TEIERATURE: 41.225

SINK TEMPERATURE: 10.087

7 2.48 30.10 54.39 25.,4

FLUX BASED RAYLEIG14 NUMBER * E-9 IS: 10.52

fWERAGE TEMPERATURE: 40.189

SINK TEMPERATURE: 10.087

8 2.48 30.94 52.97 24.7B

FLUX BASED RAYLEIGH NUMBER " E-9 IS: 10.62

AVERAGE TEMPERAIURE: /41.023

"INK IElPERAIURE: 10.087

9 2,148 28.9"4 5G.51 26.4ti

FLUX PASED RAYLEIGH NUMBER 
E-9 IS: 10.39

AVERAGE IEIPERATURE: 39.028

SIflK TEMPERATURE: 10.087
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TABLE 28

REDUCED DATA FOR INPUT POWER 3.0 W

CHAMBER WIDTH = 30 mm

THE RAN Emf D01A ARE FROM THtE FILE: 10191310
THE POWER SETTING PER (HIP WAS: 3.0 H
THE DISTANCE TO THe FROIT WALL WAS 30 MM

CHIP ONEI (L) Tavq-Is Nul I'u2

1 2.96 38.29 51.36 21.03
FLUX BASED RAYLEIGH NUMBER 1 E-9 IS: 13.73
AVERAGE TEMPERATURE: 48.440
SINK TEMPERATURE: 10.154

2 2.98 36.5n 54.14 25.33
FLUX BASED RAYLEIGH NUMBER * [-9 IS: 13.56
AVERAGE TEMPERATURE: 46.657
SINK TEMPERATURE: 10.154

3 3.01 38.80 51.50 24.10
FLUX BASED RAYLEIGH NUMBER 4 E-9 IS: 14.03
AVERAGE TEMPERATURE: 48.959
SINK TEMPERATURE: 10.154

4 2.99 38.n3 52.2/ 24.,
FLUX BASED RAYLEIGH NUMBER 4 E-9 IS: 13.85
AVERAGE TEMPERATURE: 48.185
SINK TEMPERATURE: 10.154

5 3.00 38.62 51.66 24.17
FLUX BASED RAYLEIGH NUMBER * E-9 IS: 13.98
AVERAGE TEMPERATURE: 48.777
SINK TEMPERATURE: 10.151

6 3.02 36.60 54.74 25,61
FLUX BASED RAYLEIGH NUMBER * E-9 IS: 13.76
AVERAGE TEMPERATURE: 46.755
SINK TEMPERATURE: 10.15/1

7 3.01 36.49 54.71 25.G06
FLUX BASED RAYLEIGH NUMBER * E-9 IS: 13.69
AVERAGE TEMPERATURE: 46.642
SINK TEMPERATURE: 10.154

8 3.01 36.62 5S4.55 25.52
fLUX BASED RAYLEIGH NUMBER I E-9 IS: 13.72
AVERAGE TEMPERATURE: 46.771
SINK TEMPERATURE: 10.154

9 3.01 33.27 59.88 28.01
FLUX BASED RAYLEIGH NUMBER * E-9 IS: 13.23
AVFRAGE TEMPERATURE: 43.121
SINK TEMPERATURE: I0.154
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TABLE 29

TEMPERATURE DATA FOR INPUT POWER 0.1 W

CHAMBER WIDTH = 9 mm

RESULTS ARE SLOPED IN FILE: 11050029

EXPERIMENT CARRIED OUT AT
AMBIENT TEMP (CELSIUS) O: 22.78
BATH TEMP : If C
TEMPERATURE READINGS IN [GREES CELSIUS

CENTER TOP RIGHT LEFT BOTTOM BACK
CHIP NOI: 14.34 14.25 14.16 14.24 14.08 14.40

POWER (WATTS): .097
CHIP N02: 14.48 111.33 14.32 14.32 14.22 14.S4

POWER (WATTS): .098
CHIP N03: 14.58 14.53 14.119 14.48 14.54 14.64

POWER (WATiS): .0989
CHIP N04: 14.39 14.25 14.10 14.12 14.02 14.45

POWER (WATTS): .099
CHIP NOS: 14.43 15.89 14.33 14.37 14.26 14.49

POWER (WATTS): .099
CHIP NOG: 14.65 14.37 00.00 14.24 14.58 14.71

POWER (WATTS): .099
CHIP N07: 14.13 14.14 14.19 14.17 14.08 14.19

POWER (WATTS): .099
CHIP N08: 14.59 14.41 14.42 00.00 14.24 14.65

POWER (WATTS): .099
CHIP NO9: 14.71 14.28 16.01 16.(l 14.45 14.77

POWER (WATTS): .099

HEAT EXCHANGERS IEMPERATURES: RIGHT CENTER LEFT
BOTTOM: 09.914 09.967 09.96S
TOP: 10.011 00.000 10.392

BACK PLANE TEMPERATURES
1(S5): 12.97
T(56): 13.12
T(74): 13.52
T(75): 13.83
1(76): 13.99
T(77): 13.25

SOURCE VOLTAGE: 1.219

VOLTAGE TO THE HEATERS
CHIP #1: .961
CHIP #2: 1.021
CHIP #3: 1.016
CHIP 04: 1.017
CHIP .: .962
CHIP #6: 1 .015
CHIP #7: 1 .015
CHIP 08: 1.015
CHIP #9: 1.016
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TABLE 30

TEMPERATURE DATA FOR INPUT POWER 0.7 W

CHAMBER WIDTH = 9 mm

RESULTS ARE STORED II FILE: 11062057

EXPERIMENT CARRIED OUI Of
AMBIENT TEMP (CELSIUS) OF: 20.61
BATH TEHP : 10 C
TEMPERATURE READINGS IN DEGREES CELSIUS

CENTER TOP RI(HT LEFT BOTTOM BOICK
CHIP NOI: 23.48 211.27 22.85 23.21 21.149 23.88

POWER (WATTS): .696
CHIP N02: 24.85 23.75 23.74 23.74 23.07 25.26

POWER (WATTS): .701
CHIP N03: 24.78 24.57 24.32 23.70 24.51 25.19

POWER (WATTS): .7050
CHIP N04: 23.92 22.97 22.82 22.78 21.97 24.32

POWER (WATTS): .703
CHIP NO5: 24.77 23.82 24.12 24.42 23.69 25.17

POWER (WATTS): .705
CHIP NOG: 25.92 23.76 00.00 23.15 25.35 26.33

POWER (WATTS): .709
CHIP Nf0: 23.12 22.57 23.13 22.84 21.02 23.53

POWER (WATTS): .707
CHIP N08: 24.84 23.90 23.94 00.00 22.83 25.25

POWER (WATTS): .707
CHIP N09: 25.78 22.75 19.26 23.34 24.30 26.19

POWER (WATTS): .706

HEAT EXCHANGERS TEMPERATURES: RIGH1T CENTER LEFT
BOTTOM: 09.972 10.070 10.088
TOP: 10.047 00.000 10.137

BACK PLANE TEMPERATURES
1(55): 15.17
1(56): 15.'l5
1(74): 15.92
T(75): 15.99
1(76): 16.29
1(77): 15.68

SOURCE VOLTAGE: 3.259

VOLTAGE TO THE HEATERS
CHIP #1: 2.587
CHIP #2: 2.731
CHIP #3: 2.720
CH4IP #4: 2.722

-CHIP #5: 2.575
CHIP #6: 2.717
CHIP #7: 2.718
CHIP #8: 2.718
CHIP #9: 2.720
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TABLE 31

TEMPERATURE DATA FOR INPUT POWER 1.1 W

CHAMBER WIDTH = 9 mm

RESULTS ARE STORED IN FILE: 1102225-u,

EXPERIMENT CARRIEI OUT AT
AMBIENT TEMP (CELSIUS) OF: 21.11
BATH TEMP : 10 C
TEMPERATURE READINGS IN DEfGREES CELSIUS

CENTER TOP RIGIHT LEFT BOU110fI BI)CK

CHIP NOT: 28.92 28.61 28.26 28.57 25.77 29.87
POWER (WAITS): 1.093

CHIP N02: 31.27 29.86 29.60 29.60 28.52 29.97

POWER (WAITS): 1.100
CHIP N03: 30.49 30.42 30.02 28.5 30.37 30.08

POWER (WATTS): 1.1071
CHIP N04: 29.63 28.45 28.11 27.89 26.78 30.04

POWER (WATIS): 1.104
CHIP NOS: 31.16 29.79 30.20 30.63 29.54 ?n.O8

POWER (WATTS): 1.107
CHIP N06: 31.91 28.89 00.00 28.72 31.17 30.18

POWER (WAITS): 1.114
CHIP N07: 28.48 27.51 28.46 28.34 25.07 30.15

POWER (WATTS): 1.112
CHIP N08: 31.20 30.08 30.00 00.00 28.01 30.14

POWER (WAITS): 1.111
CHIP N09: 32.68 28.26 31.03 31.03 30.57 30.11

POWER (WATTS): 1.110

HEAT EXCHANGERS TEMPERATURES: RIGHT ('ENER LEFT
BOTTOM: 09.839 10.128 10.241

TOP: 09.863 00.00n 09.952

BACK PLANE TEMPERATURES
1(55): 17.38
1(56): 17.58
T(741: 18.00
T(7S): 18.02
(76): 18.41
1(77): 17.63

SOURCE VOLTAGE: 4.086

VOLTAGE TO THE IlEATERS
CIIIP #1: 3.2114
CHIP #2: 3.1125
CHIP #3: 3.411
CHIP #4: 3.413
CHIP #S: 3.229
CHIP #6: 3.406
CHIP #7: 3.407
CHIP 08: 3.408
CHIP #9: 3.409
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TABLE 32

TEMPERATURE DATA FOR INPUT POWER 1.5 W

CHAMBER WIDTH = 9 mm

RESULTS ARE STORED IN FILE: 11091225

EXPERIMENT CARRIED OUT AT
AMBIENT TEMP (CELSIUS) OF: 21.83
BATH TEMP : 10 C

TEMPERAIURE READINGS IN [)FcGREE5 CELSIUS
CENTER TOP RI(61T LEFT BOTTOM BACK

CHIP NOI: 36.71 36.38 35.78 36.25 32.76 3?.56
POWER (WATTS): 1.483

CHIP N02: 38.97 36.79 37.06 37.06 35.88 39.83
POWER (WATTS): 1.497

CHIP N03: 38.33 37.92 37.67 34.98 37.83 39.20
POWER (WATTS): 1.5093

CHIP N04: 37.06 35.37 35.16 34.59 33.41 37.92
POWER (WATTS): 1.504

CHIP NOS: 38.29 36.57 37.19 37.75 36.20 39.16
POWER (WATTS): 1.S08

CHIP N06: 39.40 35.38 00.00 34.97 38.23 40.27
POWER (WATTS): 1.516

CHIP NO7: 34.94 33.67 35.04 34.46 30.18 35.81
POWER (WATTS): 1.512

CHIP N08: 38.18 35.83 36.98 00.00 34.50 39.05
POWER (WATTS): 1.512

CHIP N09: 39.71 34.80 2,.60 36.52 36.89 40.58
POWER (WAITS): 1.511

HEAT EXCHANCERS TEMPERATURES: RICHT CENTER LEFT
BOTTOM: 09.828 09.977 10.040

TOP: 10.007 00.000 10.295

BACK PLANE TEMPERATURES
1(55): 20.82
T(56): 21.73
1(74): 22.48
T(75): 22.33
T(76): 22.64
T(77): 21.31

SOURCE VOLTAGE: 4.771

VOLTAGE TO THE HtEATERS
CHIP #1: 3.789
CHIP #2: 4.000
CHIP #3: 3.983
CHIP #4: 3.987
CHIP #S5: 3.772
CHIP #6: 3.979
CHIP #7: 3.981
CHIP 08: 3.982
CHIP #9: 3.983
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TABLE 33

TEMPERATURE DATA FOR INPUT POWER 2.5 W

CHAMBER WIDTH = 9 mm

RESULTS ARE STORED IN FILE: 11082020

EXPERIMENT CARRIED OUT ()I
AMBIENT TEMP (CELSIUS) UF: 21.2B
BATH TEIIP I () C
TEMPERATURE READIN(S 11! DECREES CELSIUS

CENTER TOP RIGHT LEFT BOTTOM PACV
CHIP NOI: 46.62 45.93 45.41 46.08 40.22 48.05

POWER (WATTS): 2.SO4
CHIP N02: 50.04 46.15 47.23 417.23 13.85 51.48

POWER (WAITS): 2.S20
CHIP N03: 48.91 18.75 '4R.04 45.63 48.30 50.37

POWER (WATTS): 2.S388
CHIP NO4: 47.00 43.52 44.22 42.84 41.35 48.45

FUOlER (WATTS): 2.531
CHIP NOS: 48.77 46.61 47.23 4.29 45.89 50.23

POWER (WAIIS) : 2.538
CHIP N6: 49.99 44.34 00.00 44.08 48.13 51.45

-POWER (WATTS): 2.552
CHIP N07: 43.36 41.13 43.65 42.69 35.63 44.82

POWER (WATTS): 2.544
CHIP N08: 48.86 45.42 47.09 (0.00 43.17 50.32

POWER (WATIS): 2.544
CHIP N09: 49.89 42.54 34.29 45.52 45.93 51.35

POWER (WATTS): 2.541

HEAT EXCHANCIERS TEMPERATURES: RIGHT CENIER LEFT
BOTTOM: 09.859 10.037 10.110
TOP: 09.803 00.000 10.0/1

BACK PLANE TEMPERATURES
T(5S): 22.95
1(56): 24.01
1(74): 24.80
T(7S): 24.59
1(76): 24.97
T(77): 23.67

SOURCE VOLTAGE: 6.193

VOLTAGE TO THE HEATERS
CHIP #1: 4.921
CHIP '2: 5.193
CHIP #3: 5.172
CHIP #4: 5.176
CHIP #5: 4.897
CHIP #6: 5.165
CHIP #7: 5.169
CHIP #q: 5.169
CHIP #9: 5.171
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TABLE 34

TEMPERATURE DATA FOR INPUT POWER 3.0 W

CHAMBER WIDTH = 9 mm

RESULTS ARE STORED IN FILE: 11072058

EXPERIMET CARRIED OUT AT
AMBIENT TEMP (CELSIUS) OF: 21.00
BATH TEMP : 10 C
TEMPERAIURE READINGS IN DEGREES CELSIUS

CENTER TOP R]ClT LEFT BOTTOM BACK
CHIP NOI: 55.97 54.4R 55.08 55.59 45.61 57.66

POWER (WATTS): 2.938
CHIP N02: 61.12 57.34 58.19 58.19 54.57 62.82

PONER (WATTS): 2.957
CHIP N03: 58.47 58.54 57.89 55.35 58.30 60.18

POWER (WATTS): 2.9774
CHIP N04: 57.35 53.88 54.52 54.33 /19.16 59.05

POWER (WATTS): 2.969
CHIP NOS: 58.98 57.68 58.44 59.12 56.79 60.69

POWER (WATTS): 2.978
CHIP NOG: 61.17 55.49 00.00 55.89 59.33 62.89

POWER (WATTS): 2.993
CHIP NO?: 52.97 51.59 53.54 53.26 43.41 54.68

POWER (WATTS): 2.984
CHIP NU8: 60.57 57.20 59.10 00.00 54.97 62.28

POWER (WATTS): 2.985
CHIP N09: 60.45 53.52 46.33 56.95 56.66 62.17

POWER (WATTS): 2.98/4

HEAT EXCHA!C7ERS TEMPERATURES: RICHt1 CENTER LEFT
BOTTOM: 09.783 10.022 10.176
TOP: 09.816 00.000 10.063

BACK PLANE TEMPERATURES
1(55): 32.35
T(56): 34.45
T(74): 35.59
T(75): 35.08
1(76): 35.20
T(77): 33.52

SOURCE VOLTAGE: 6.715

VOLTAGE TO THE HEATERS
CHIP #1: 5.339
CHIP #2: 5.633
CHIP #3: 5.611
CHIP #4: 5.815
CHIP #5: 5.314
CHIP #6: 5.603
CHIP #7: 5.608
CHIP #8: 5.607
CHIP #9: 5.608
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TABLE 35

REDUCED DATA FOR INPUT POWER 0.1 W

CHAMBER WIDTH = 9 mm

THE ROW Lmf Dol A ARE FROMll THE FILE: 110S0029
THE PO0I4ER SETING PER (IP WA1S: 0.1 14
THE DISTANCE TO THE FRONT WALL WAS 9 MH

CHIP ONE T (W 1 Tar9 Ts Nul lu2

1 .10 4.10 15.19 7. 11
FIUX BASED RAYLEIGH INll.I!UMPER ' t-9 IS: .36
AVERAGE TEMPERAIJRE: 14.242
SINK TEMPERATURE: 10.139

2 .10 4.OR 15.38 7.19
Flux BASED RAYLEIGH NUMBER * E-9 IS: .31
AVERAGE TEMPERATURE: 14.221
SINK TEMPERATURE: 10.139

3 .10 '1.39 14.43 G.75
FtUX BASED RAYLEIGH NUMBER * E-9 IS: .31
AVERAGE TEMPERATURE: 114.525
SINK TEMPERATURE: 10.139

4 .10 4.07 15.54 7.27
FLux PASED RAYLEIGH NUI1BER v E-9 IS: .31
AVFRAGE TEMPERATURE: 14.208
SINK TEMPERATURE: 10.139

5 .10 4.35 14.52 G.80
FlUX BASED RAYLEIGHI MJMRER * E-9 IS: .31
AVERAGE TEMPERATURE: 14.497
SINK TEMPERATURE: 10.139

6.10 4.-13 14.70 5.88
FLUX BASED RAYLEIGHI NUMBER * E-9 IS: .31
A\V'RAGE TEMPERAIURE: 14. 47:3
SINK TEMPERATURE: 10.139

7 .10 4.01 I5.RG 7.421
FLUX BASED RAYLEfGHl NUMBER * E-9 15: .31
AVERAGE TEMPERAIURE: 14.153
SINK TEMPERATURE: 10.139

8 .10 4.13 14.67 5.85
FLUX BASED RAYLEIGII NUMBER 4 E-9 IS: .31
AVERAGE TEMPERATURE: 14.471
SINK TEMPERATURE: 10. 139

9 .10 1.52 14.00 5.55
FLUX BASED RAYLEIGH NUMIBER , E-9 IS: .31
AVERAGE TEMPERATURE: Ii.GGO
SINK IEMPERATURE: 10. 139

109



TABLE 36

REDUCED DATA FOR INPUT POWER 0.7 W

CHAMBER WIDTH = 9 mm

THE RA1 Fmf DAIA ARE FRIti THE FILE: I I062U57
TIlE POI4ER SETTING PER (HIP 1AS: (1.7 14
THE DISTANCE T0 THE FRONT HALL HAS 9 MM

CHIP ONIEI(WI Tljvq- T Nul Nu2

.68 13.n3 3/4.38 16.08
flUX BASED RAYIEIGH IITIIBIiER * E-9 IS: 2.1
AVERAGE TEMPERPTURE: 23.1711
SINK TEMPERA TlRE: Ii.1'i

2 .69 13.11 34.142 16.10
FLUX BASED RAYLEIGH NlUHBER s E-9 IS: 2.113
AVERAGE TEMPERATURF: 23.251
SINK TEMPERATURE: 10.1145

3 .69 14.31 31.75 14 88
FLUX BASED RAYLEIGH NUMBER * E-9 IS: 2.118
AVERAGE TEMPEROTURE : 24.458
SINK TEMPERATIJRE: 10. 145

14 .9 13.n7 3/4.8? 1 .20
FlUX BASED RAYLET61I NUMfER 4 E-9 IS: 2.44
AVERAGE TEMPERATURE: 23.219
SINK TEMPERATURE: 10.145

5 .69 11.31 31.75 14.8c.
FlUX BASED RAYLEIGH NUMBER * E-9 IS: 2.4t8
AVERAGE TEMPERATURE: 24.451
SINK TEMPERATURE: 10.115

G .70 11.65 31.20 14.60
FLUX BASED RAYLEICH NUMBER , E-9 IS: 2.50
AVERAGE TEMPERATURE: 24.79'
SINK TEMPERATURE: 10.14S

7 .70 12.79 35.62 16.56
FLUX BASED RAYLEIGH NUMBER 4 E-9 IS: 2.44
AVEr AGE TEMPERATURE: 22.933
SINK TEMPEkAURE: 10.145

8 .70 14.17 32.16 15.04
FLUX BASED RAYLEIGH NUMBER 4 E-9 IS: 2.40
AVERAGE IEMPERAIURE: 24.313
SINK TEMPERATURE: 10.145

9 .89 13.12 34.f14 16.21
FLUX BASED RAYLEIGH NUMPER * E-9 IS: 2.115
AVERAGE TEMPERAIURE: 23.266
SINK TEMPERATIURE: 10 .145
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TABLE 37

REDUCED DATA FOR INPUT POWER 1.1 W

CHAMBER WIDTH = 9 mm

THE RA [mf DATA ARE FROM THE FILE: 11022255
TIHE POWER SEllING PFR (J IIP WAS: 1.1 1
THE DISIANCE TO iHE FRONT WALL WAS 9 MM

CHIP ONE I (14) Tava Is fult Ilu2

1 1n.8 1 .18 38.P7 18.19
FLUX BASED RAYLEIGfH NUMPER F [-9 IS: 4.02
AVIRAGE TEMPERATURE: 2R.177
SINK tEIPERATURE: Ifn. 193

2 1.09 Ip.6r 3 .19 17.87
FLUX PASFID RAYLE II NUI!IER ' E-9 1S: 4.07
AVFRAC[ TEMPERAIURE : 28.R25
SINK TIMPERATURE: 10.193

3 1.09 19.71 36.718 17.02
Fl UX WFsED RAYLEIGI HIIMER * 1 -9 IS: 4.14
AVF RA, TEMPE RAIIR : 29. 898
SINK IEMPEROI!IJRF I0. 193

4 .09 1 8.2q 3. n6 18.2R
FIUX RASED RAYLEIGH IJIMPER ' E-9 IS: 4.07
AVERAGE TEMPERAIIRE: R.480
SINK TEMPERAIURE: 10.193

5 1.09 20.36 36.26 1.49
FlUX BAOSED RAYLEIGH IIRPER E-9 IS: 4. 17
AVERAGE TFMPERATIURE: _n.638
SINK TEMPERATURE: ln.193

I. 10 20.24 3q. FF 1. R
!FLUX BASED RAYLfIG I NUMPER E-9 1S: 4.19
AVERA'[ TI MPERA [IURE : 30.429
SINK IEMPERAItJRE: I0.193

1.10 17.8 40.23 18.8?
FLUX BASED RAYLEI H NUJIMER 4 E-9 IS: 4.0R
AVF RAGE IFMPERATIJRE: 28.n76
SINK TEMPERATURE: 10.193

8 1.10 20.11 ;3S.76 16.73
F1UX BASED RAYLEIGH NUMIIER v E-9 IS: 4.18
AVERAGE TEMPERATURE' 30.321
SINK TEMPERATIRE: In.193

9 1.09 19.1q 37.113 17.51
FlUX 8AnED RAYLE!G' I'ITtLi a E9 IC: 4.13
AVERAGE IMPERnTIIRE: 29.382
SINK IEMPERAILIRE: 10.193
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TABLE 38

REDUCED DATA FOR INPUT POWER 1.5 W
CHAMBER WIDTH = 9 mm

THE RAW Emf DaTA OPE FROM THE FILE: 11091225
THE POWER SETTING PFR 01IP WAS: I.5 111
THE DISlANCE ID THE FRONT WALL WAS 9 MM

CHIP OMET(W) lu- 1 11l,12

1 1.47 25.92 37.30 17.45
FLUX PASEt) RAYLEICH NUMBER * E-9 IS: 5.96
AVERAGE TEMPERoTURE: ?C 108
SINK TEMPERATURE: 10.18F,

2 1.47 25.197 37.60 17.59
FLUX BASED RAYLEIGH NUMBER 4 E-9 IS: 6.00
AVERAGE TEMPERATURE: 36 .053
SINK TEMPERATURE: 10.186

3 1.49 27.17 36.12 16.90
FLUX BASED RAYLEIGH IJUMBER 4 E-9 IS: 6.13
AVERAGE TEMPERATURE: 37.353
SINK TEMPERATURE: 10.186

4 1.48 25.44 38.39 17.96
FtUX BASED RAYLEIGH NUMBER 4 E-9 IS: 5.99
aVERAGE 1EMPERh1URE: 35.625
SINK IENPERATURE: 10.186

51 19 27.1a 35 .63 16.70
FlUX BASED RAYLEIGH NUMBER - E 9 IS: 6.15
AVERAGE TEMPERATURE: 37.664
SINK TEMPERATURE: 10.186

6 1.19 27.26 36.16 16.32
FlUX BASED RAYLEIGH HIJMPER * E-9 IS: 6.17
AVERAGE TEMPERATIURE: 37.450
SINK TEMPERATURE: 10.186

7 1.49 24.25 40.46 18, 93
FlUX BASED RAYLEIGH NUMBER * E-9 IS: ,.95
AVERAGE TEMPERATLRE: 311.14O
SINK TEMPERATURE: 10.186

8 1.'9 21.02 36.36 17.01
FtUX BASED RAYLEIGH NUMPER * E-9 IS: 6.13
AVERAGE TEmPERATURE: 37.211
SINK TEMPERAIURE: 10.186

9 1 .49 2S.4I 38.61 18.07
FLUX BNSED RAYLEIGH 1lUMlB1ER w Fi-9 IS: 6.02
AVERAGE IEMPERATURE: 35.532
SINK TEMPERATURE: 10.186
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TABLE 39

REDUCED DATA FOR INPUT POWER 2.5 W

CHAMBER WIDTH = 9 mm

THtE RA1 Emf DATA ARE FROM THE FILE: 11082020
THE PONER SETTING PER CHIP WNS: 2.5 1-
THE DISTANCE TO THE FRONT WALL WAS 9 MH

CHIP QNET(I,) Tav9- k Nul Nu2

1 2.'17 35.42 46.27 21 .65
F(UX BASED RAYLEIGH NUMBER v E-9 IS: 11.15
AVERAGE IEMPERNIIRE: t5.692
SINK TEMPERATURE: 10.271

2 2.49 35.23 48.82 21.90
FLUX BASED RAYLEIGH NUMBER * E-9 IS: 11.20
AVERAGE IEMPER(ITURE: 145.503
SINK TEMPERATURE: 10.271

3 2.50 37.64 44.23 20.69
rVLIX BASED RAYLEIGH NUMBER * E-9 IS: 11.58
AVERAGE TEMPERATURE: 47.908
SINK TEMPERATURE: 10.271

4 2.50 34.33 48.22 22.56
FlUX BASED RAYLEIGl NUMBER * E-9 15: 11.14
AVERAGE TEMPERATURE: 44.605
SINK TEMPERATURE: 10.271

5 2.50 37.F8 44.17 20.66
FLUX BASED RAYLEIGH IH'lIPER * E-9 IS: 11.58
AVERAGE TEMPERnIJRE: 47.946
SINK TEMPERATURE: 10.271

8 2.52 37.02 /15.18 21.14
F!UX BASED RAYLEIGH NUMPER * E-9 IS: 11.58
AVERAGE 1EMPERAIURE: 41.287
SINK TEMPERATURE: 10.271

7 2.51 32.27 51.53 24.11
FLUX BASED RAYLEIGH NUMBER P E-9 IS: 10.96
AVERAGE TEMPERATURE: /12.536
SINK TEMPERATURE: 10.271

8 2.51 37.018 44.97 21.04
FlUX BASED RAYLEIGH NUtBER * E-9 IS: 11.53
AVERAGE TEMPERATURE: 47.355
SINK TEMPERATURE: 10.271

9 2.51 33.79 49.19 23.01
FlUX BASED RAYLEIGH NUMPER s F-9 IS: 11.12
AVERAGE TEMPERATIIRE: 44.057
SINK TEMPERATURE: 10.271
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TABLE 40

REDUCED DATA FOR INPUT POWER 3.0 W

CHAMBER WIDTH = 9 mm

THE ROW Emf DATA ARE FROM THE FILE: 11072058
THE POWER SETTING PER CHIP WAS: 3.0 W
THE DISTANCE TO THE FRONT WALL WAS 9 MM

CHIP QNET(W) Tavg-Ts Nut NU2

1 2.90 44.40 43.64 20.42
FLUX BASED RAYLEIGH NUMBER * E-9 IS: 14.41
AVERAGE IEMPERATUIRE: Si.762
SINK TEMPERATURE: 10.362

2 2.92 46.34 42.1i 19.72
FLUX BASED RAYLEIGH NUMBER * E-9 IS: 14.79
AVERAGE TEMPERATURE: 56.697
SINK TEMPERATURE: 10.362

3 2.914 47.28 41.61 19.47
FLUX BASED RAYLEIGH NUMBER * E-9 IS: 15.04
AVERAGE IEMPERATURE: 57.639
SINK TEMPERATIURE: 10.362

4 2.93 44.68 43.84 20.51
FLUX BASED RAYLEIGH NUMBER * E-9 IS: 14.61
AVERAGE TEMPERATURE: 5S.040
SINK TEMPERATURE: 10.362

5 2.94 48.33 40.74 19.06
FLUX BASED RAYLEIGH NUMBER * E-9 IS: 15.20
AVERAGE TEMPERATURE: 58.691
SINK TEMPERATURE: 10.362

6 2.96 48.31 40.97 19.17
FLUX BASED RAYLEIGH NUMBER * E-9 IS: 15.28
AVERAGE TEMPERATURE: 58.676
SINK TEMPERATURE: 10.362

7 2.95 42.01 46.78 21.89
FLUX BASED RAYLEIGH NUMBER * E-9 IS: 14.29
AVERAGE TEMPERATURE: 52.372
SINK TEMPERATURE: 10.362

8 2.95 48.82 40.44 18.92
FLUX BASED RAYLEIGH NUMBER * E-9 IS: 15.31
AVERAGE TEMPERATURE: 59.183
SINK TEMPERATURE: 10.362

9 2.95 44.89 43.86 20.52
FLUX BASED RAYLEIGH NUMBER * E-9 IS: 14.71
AVERAGE TEMPERATURE: 55.253
SINK TEMPERATURE: 10.362
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APPENDIX D

SOFTWARE LISTING

EDIT'ED PITCTFRRR[. FROM ORGNASIF

PAMUK [R r.12I AN4D BENEDICT (REF. 1

RI ITHIS PROGRAM fNALYSES THE DATA REqP FROIl
o D f TtI <LE DIES!4PE BY THE gp'ryfPT R T,

0 IREBCVTHF DA TA rIT LCIHTINSO tji T

POwERZ. <A9L El H TlIMB[R OND fN! I 'SF '14 IMFER.

,')R jif F' P<f ;IR'
MF[MR IL TAO[E F T:' lIII THEP'vJ 0 1 -'--7

I RWER P'LWLR D ? 1V If)TED QY T HE 14 0f F
T 1 TEMPERA [LRE CONfVER TED FROM THERMO'Jl'J

ESJOL TAC[.
(4l V FG :I'D THE AUFRACE TEMPERA 'Ulf OF T,0F

TP . !TI I. lB'TAIN P 'WE "UL I.
1 U ii ITIlE TEMPERA hIRE FT IN[ [RH A
1"'-Ir( THE ORF -iD Arlf U Ty HEC 6-

V lmr: FT _ EMERA TI IRE O~r-H t7

'7 T':, :W Ak'EP()(E OF THEF 6 1EM) IJ U

W)'? UP3 : ORTICAL LENGCTH BASE)D -il'
11' 143 :AREO-PERIME ER BASED T~
I1 OTHER VA ALSARE SELF [XLW PO P P'7.

I 4444t*4-*444S.-444444.4444444444,444*4 *4.4444'

'I t 'I R 0
0jt l I , R 1 CIi

El DIM r f 1 Be ta(9)1 .Dno,u iI .Dts Rn.

U I C ORPELAT TO f)-i C7Qjt) r7 T~ i C,
' [j) T 1 R 1 7.U3 *

I'~j) Tr E p

E, F9IIE 13p

II' !IF'IT -'EIlER THE lAMrE OF THE T 1110DT'.L f e

' ePT "E I TEPR THE PO4E R '-E T TD
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> 'r :Wpj SB Q'X. THE FijWE?, -ET T i r E 141 *,F L'ip

PR !NjIT 'ISItPJG "~:."THE !I 1TF4NC F T) '10 T 0N HERL H A 9' '11

1 PRIH T

' O BEEP
AI US'SIO GN iF T 0T Odi tLI e S
E11 E4T ER &Fiie:E mt

4 I #.~ ~~~~ 4 44 ' 4 4 4 4 4 4

L UVE I itTOOGE: E

T'K IO ) I IC

4'l IE ',TI

CQ FOR 1=7, T0 7F

iI tn u tD J I t ntf -

i I CO!IYF1R Ern+ TO) P(JWFF

- o m

4i1 Vo t 1 41 4 _

:Qp4 1-k 1) 1

r E

el .: -' -z

di,~~ .~ 71F-

I AU 'GALLI HE PVEPIAGF TEMPERIATIRET CF THE BLO!>. 2 KE
! 1 IF THEOMOCOUPLE IS R7OUN4D OPENED. IT -:HOllLo H TINE'I O.7.s

Ta3val ( T161*Hcen+T 7)*Atop)+T191.-pri <j+T131IOle4 I:u-o;~
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7j T30 T4 n -11'~fc T' lA)*ftnp. I1') f rn J o - Mj AIt 41 Tf

>0 3 0 *a-11 T I 38' ()(-,n 1 n 2 Ap+ t 0 )DIA ri+ ?9iQe 411 T 1 4 ~ o 0 I

/180 Tva(8- Ft '2 *c"n 1 +1?0 ft op +lnT 14 *rjcn 4T 4 b)*Abntf I, I tt -IA)'7 9 fl Tava 13)=~ (/R *'rei 1434Rtop4*T )50-Or ia *T (s1 *Aloft+T)S2) *Pbot) )/Atcot

'350 RESIST0ONCE 'IF [) [",IGLOSS. FOUND WITH A CONDUCTIVITY OF48S2 0.195 W/m.K AND A LENGTH OF 19.5 MM.

?8 60 Rc -%o20 93

4 4*44 44 44* 44*4 4 4 44 4 4 444 4

'HIP BAt) 3))fd3: ICEMFk~
11 A) . *4 41 4 ..

r t' I - 7 -

1 i T 17

'A !) T; I T 1 7I '

4'') 0 sT"f') Ti 5i?

T 41) '-u =I s m

'H/l vo T Ir

, ( h,0 I r:UiD)3):1I ION LOS UL7JLH1 0(
I 3) 4.44444 4444.444444 4444444f

II nc Ti '5

I I - 1 1 4 4 414$ 444 4 4 4 4- 4 44 4 44

3) 'OFP(UAE ,I TEMflFPATHP IE 'ZOLCULO o
11-I l . .4 .,.4 l. 444444-4444.q.44 444

F DIJ IL , I

BPSV 1) TH yin : - T1301 'A)Jf T3 fF1F '~ §2 M.-'P K-'4' NLL OED P;IF1)0I
T lj5FI-F~L2 I DE D BY THE gP_~4I2

J_ I -. cIJ7
L 001 ~I 3 K *.'a~?

l' I 4444444 44444444444$444444

0O PRINT THE 9IITPIJIT HEAD;IJ1G167,
!I IS I444444*4 444444444444444444*44

III() PQ TfT JIG'11 ?X. "(H I P OJNE T(W )T,3,/ a-c Iu SI~ "'7u I

PR IQ T
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1 201] CALCULATION OF NET POWER. Noi AN4D R3.
LU !.*4**4**4*4*4*-444*s**4*44*4*4444..,,.

1 10 FOR J=1 TO I

L7,. 1 I- ALCULA]TION OF Onet
1271) tQnet( JI Power I31-o1o-,s

300 !CALCULATION OF Tfilm
1211) Tf , im (31 - ( I;vgt J) + TSink )/2

1 3 /u]) CFILCIJLOJION OF Pu DELTA TEMPERP[URE
1>)Del I J T av a j J- T si nk

A,1 K LULFVT I N OF _ONVFCT iON COEFF ICI ENT
I ull H 1 et(J 0 O

(FLCULO)TION OF FC- 75 THERMAL 1CONDIJCTI')ITY.
IL13U V 11=1 .65-.3'31F-14*Tf ilm(JI /1/)

1 4C, ) ! CoLCULATION OF FC-75 DENSITY
1 IA60 Rho(J)=1 1.82S-.002L46*Tfi ,(Jl 100O

1 14 " f) ! CALCULATION OF FC-75 SDPECIFIC HEFIT
1 4'0 Cr ( J)= .241 1 11 +3 .7037E- 41 Tfi lrn J) 1*z/1:30

1511 KP LCULATION OF FC-75 VISCOSITY

15u11 I j p

1550 CALCLLRON OF THE COEPTICiEIJT OF THERMRL
1551 EXPANSION (BETH)'

I E.i 'A J LCAL T ION OF 4LPqA
11) fi a(J=K (.J /Pho ( J )*('p iJ

!G11! OLCIULOTIUN OF PRONO4DL NUMBER.
1 2 0 P r .J N (J1f 3 ( J
I1 -0 !

ib4 ICALCIJLFITION OF N'JSSELT 11NUMBERS
ltsn N 1 ( J=H J1'L 1 1/K))I
I I I hiC1A) HI 3J ~L _/K j3

II LCL IT ION OF :'R'SHOF N1UMBER.
1 7 C ( r .J l=q. I Be ta (.J1*L1 3) De I M1)U 3'

/ IJ CACL-O CF RAYLEIGH) HUMBER.17611 R,3 J )=Crl (J ) Pr(I ' E 7

1 79 1CLCULATTON OF FLUX BA' ED RAYLE IGH NIMBEP
13910 Rat 13)=1(39.31*Beta(J)*L1 nt1/KJ*(~~J.Moi1

1:371) !444**4*4**444444#44444444*44*4#444*4*4~4..444...s-4444444*44*.s.~*4 4.

1:380 PRINT USING "l X.D.1IX.S(SX.DD.DD.)":J.))netld).Del t(J) ,Nul J3 ) NuZIi

11) PRINT USING "12X. ""FLUX BASED RA4YLEIGH NUMBER -3IS: -. DDD.DD' :Rau' 11
1 I Ur %N "1'?X'-A.VERAGE TEMPERATIJRE:' .DDD.DDD":Ta'.'O.!

aj~ U-S1X: INK TEMPEPATURE: "".DDD.DDD" : Tsink
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19,70 A ID'-- I;N ~F L ie T 0
130 END
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I PR~RP FAN THEHE
3o PROGRAM TO SCN'E NE PPERMi'sT THFMQ'9F'lFE

jIl IT TURNS 3 CHANNELS FOR TEMPERMT'JRE VARIAT ION MENSLIREMEIS.
'U CHANNELS ARE 13,31 AND 43

SC IassS33

Alj D IM. i 2 1 33.V 1Y SS'

q10 (.1 EAR 7'))

12 THE TRP[F F ILE HIOMES (HOT ARE RE)UIIRED F OLLO'Wtl(
1t 11 ARE Q0 STORE THE REO)DING'S FROM THREE THENMOLO'0 lE-l.

i116 BEEP
1 :37/ PRINTER IS 701
tU[B? PEEP
I 1)3 I NPUT 'ENTER THE F IRST -ILE NJAME: .!1J-.t t i 1,

11 1 INPU)T "ENTER THEF SECOND F 11E NAME : " ~'ti'S
I I INPUIT 'ENIT ER THE THIRD FILE NNE: " JIewt I ItS31
1 12L I NPuT 'EN TER THE VOLTMETER READING: " .YT

FI '3 PRNT US:,IN IG " 1 5X' RESLLTS ARE STORED ON DISK FW-tT'ft ON'" i
r- R PINt4T

3l PcRINT JO"I It;I "2SX< ,""FILE: "".)0':tNei.ii tielS
I27 PRIHT

11 R PRIT
0 PI NT 'J"jf 1! 01 ."X F ILE 0 '" :N2Iewtii I eS$

r31 ETI IT irl' 'OF'"
II WHIT

I) 'ITPtI T 722 4T F!I RI P Z0 0 'ST I STN"

LO, -COP NlUMBER ONE

I I

If O.1 QTPIIT 70?: "AFT I~ I"
I -, CTP rf~IT 7fl* "OS"

B EEP

IT1 r1 FOR j"i) To ifQ 3'

DlU 01 OITPIJ T 722 "T3
19 ENTER 722-:Vlrn

2,111 Ti I (P 3 SS i (i
250l Pasc=ass+1
251 tl=1+1
260, NEX T .J
2s5; T eaf,- iIDT
263 mu~~dq-ime~e-ieae
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R LOOP NUM?'BER TWOT

Ili I 'ATSCONN INC CHONNEL 31

71; 01ITPU 1 709: "AF3I AL 31
, 7 6 OUTPUT 709 "AS"

- PEEP
-78U BEEP
<' 7 OR j] TO 1 p,,SS

E i ET E R ?2''*
2( P -1S s -,

LOOP NIJMPEFR T14REE

3 STORT SCNIN HANNEL 149
1~ 44i444**4*444**4.~4s44144

-f.' OTPIIT 70": -3F, 9 AL'zU3"

~)~ BEEP
,no BEEFP

frj FOR .'j-1) TO [cas
91J OTPIJT k

11t E HT ER 72V3

I7 NE "T Ji

"1 END LOOPcS

RIT 3 I IIC ' l%. W TE TOTAL TllIME ER OFE FODS:" [I. f :
PR I UT

N7 i fIS _N IJ'c. "T HE ')OL TMET EPR E,4Di !I N ' N-
P- D *ITE;F C,

I TRAr4SFE IRT3'rJ I
S .A4 4$4*- -4-s 4 4 4 4 44 4 .4 44- 4 4 4*4 4 4.4*-

TRANcFEF lUG THE '-CAN DATO FROM CHAINNLL
TOTHEFILE THS F7ILE WILL BE 'USED WT

32 THE PROGRAM "PLOT". TO MAKE A PLOT OF TEll-
3 PERATURE JS TIME.
,2 !4444*444444444444-444444444444444444*444

CREATE BOT Newt i elS. fl
, Z9 ASSPCN ;Fj 0 l O qet i

33r OIJ I PIjT 4F i Ti 1
33! nR I i=) TO los
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1 4 44 4 4 *444444 4*

32 1TRAN4SFER SECOND SCA DT

3a5 ITRANSFE -N DATA FROM CHANNEL 31t
346 '10 THE FILE
3147 !.*.***~********

J49 CREATE BOAT Newfile2S.2O
350 ASSIGN iFile TO Newftle2S
35! ouPUi 'F i le : T2(~
352 FOR Ii=I) TO Ipass

TPPIJFER TH IRD'SA DATA
1I - 4 4- ,- -4 -4 4 44 ,* $t 4-4**

T l f FRANFERING DATA FROM~ CHANNEL
I YQ1 - THE !:ILE.

*4 HREATS7 BOAT tNe'4'' IeS2
3k5 A;S 1'T;'FL 1l TO7 0  e

<F FOR I ii' T~ 'N D

Al TOP
£l it) E I D
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*F 7 E WrE: ',A

I J THIS M -LOTS THE DAFA oiRLIRED PY
R) IPROGRR;M :"FASTSCAN".

* ~ t~i PRINTER IS 70S
90) BEEP

m1 '( i n '

) 123 BEEP
I IPUT [A TEFR M I!I I MJM AND MAXI1MUM Y -M!-L IIES' r i n. i'ma:

Lj' BEFR
T~~o I)I(j (1)1

3I II :=PI U 1) Yma JYi0)I0lJ( 'J

11i P RIN 4T 'PI1 0,0 PV'
2 4 (1 FOR Xa=(rnin T0 "man~x STEP Xcstep

',' I X
Il PR I NT "PA:x"0 : XI:"

I NE;(T
'ei PR IN t T PH i 0 u: Pj

"911 PRINT "P11 PA 0J.0 PD"
31) FOR Y3=Ymin TO Ym a - STEP Yst. r,
3113 =1Y3-i'minl*Sfy

30 PRINT "PH O.":Y."YT"
30 tJE,,T Y.3
341 P RI NT 'P q I. 0 IL( 0

)5l FOR (a(nnTO M.3 XSTEP Xs'tep

L I
?7t PRINT "PR":X M 10:'nP1P f"1. FD

41111 FOR Yai~ymiin TO Yma'; STEP Ysi-PE
11 1 Y = Y i- fn i n ) *SI:+-
4 " f PRINT "PD PP 100.".Y."YT"
/i- 1 :IE3,T e
.Jail ,7RT1, "Pf) !Q0. 101) P1li"

ti I P~rR I f T P (rIi" I) , I L

PR IT "CLO -. 0~'X3

I1l1 !JEV I(
II PR fJT "P, PR (1.0"

1 OR (, = fri in TO fma: CITEP 'stec'
IS3 IF ABS1Ya)'l .E-5 THEN Y-3=0
,41J Y Y3- Yn n-ss 4fy

SS') PRIN14T " PA O."y."

IS,-) 14E ':T Y a
,31-1 BEEP
2 1 ~ Jj I 1

6110 IF ldl=') THEN
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501 i~beS= 'Tine (,eci"

b4'1) YI be I S= T pr 3 tu r (CL
0~E PR IN T "S'R I .KJ:u %o E-,11 "-~r r S)': :L':M e

550) PRINT " PO -1I1 SO GBC 0."-LEN Y IaoeIw./2R:DI 1 :LB"yTi a .eit:'
87i0 END IF
68) PRINT ""P 0.0"
1:)30 BEEP
700 1HINPUT "ENTFR IHE IRME IOF THE DRIP FILEtO * ties
710 A'SSI1GNf '1Fie TO D ft leS

B EEP(
7 3O MIJ= 1

31) BEEP
7- nt tEa t )!

7-1 PI~ RINTER I1

ti P P I N T E,- 1 )
O~ IT 'n ! T

5111 IF tn THE!! FR IN? - l."
::-'I !F vni T HE-!! PRIUIT -SM+"-

2 rfl IF Svin= THEM PRINT "S~o"
-41 IF lid I THE;!
~0 FOR £ TOu Mr

-1 FOR TO 1 I TPP.32
41111 E II T ' -F i ! o Y

1) Y,3 1I I I 'C 7 3 77 3Lt 4 Ya +,3z~.a

AU Y (a Vnt S f~
-414f, iF ,vn IRF1, PPTN)T "M"

T% IF ~y'JTHENl PRIT "SR . ' .. '
'A) PRINT "F"xY ."F

70 n TF Dyn> THEM R %N T "S.R '.

79 F y n: TH E! MU! T "U!CS..S .8,-28789
''l IF F THEN~ PRIN1T "Ulf(l5?t?8

T Fl) T m= T HE N r.IT "'( T -_ 30 o Q

3~
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